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In the development of all organisms considerable differences 
of size appear, sooner or later, among constituent cells; sometimes 
the blastomeres of the cleaving egg differ in size, in other cases 
these differences appear only later during the blastula, gastrula, 
or larval stages. Endoderm cells are usually larger than those 
of the ectoderm, ciliated cells are generally larger than non-ciliated 
ones, muscle and nerve cells are usually larger than epithelial 
or mesenchyme cells. 

These differences in the size of cells may be due to unequal cell 
division, to unequal rate of division, or to unequal growth of 
cells after division, and in some cases all of these factors may be 
represented in the same egg or embryo. It is frequently assumed 
that unequal cell divisions are caused by the accumulation of 
metabolic substances, such as yolk at one side of a cell, and the 
crowding of the protoplasm and nucleus to the opposite side. 
Such unequal divisions are frequently found in yolk-laden eggs, 
and may be artificially produced at will by centrifuging the yolk 
to one pole or the other of a dividing cell. But in many cases this 
is not the cause of unequal cell division ; the yolk may be uniformly 
distributed with regard to the poles of the spindle and yet the 
cleavage may be unequal, or unequal division may take place in 
purely protoplasmic cells, in which the eccentric position of the 
spindle is not due to pressure. Innumerable cas6s of this sort 
have been found both in normal and in experimentally altered 
conditions. Often such unequal divisions are associated with 
visible histological differences in the resulting cells, "^‘^he study 
of cell-lineage has shown that in somq^ases a partic 
distinguished from the time of its form^ion by its size, proto- 
plasmic structure, rate of division, prospective significance and 
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potency. In such cases differences in the sizes of cell are associ- 
ated with some of the earliest differentiations of the developing 
egg. 

But differences in the size of cells may be due, not to unequal 
cell division, but to unequal rates of division, or to unequal growth 
of cells subsequent to division. In some instances cells divide 
rarely and consequently become large, while adjoining cells divide 
frequently and therefore remain small. The fact that cells are 
not always of the same size at the time of division is one of capital 
importance for it shows conclusively that the factors which bring 
about cell division may be separated from those which cause 
growth. 

In connection with the size of cells as a whole may be considered 
the sizes of many of their constituent parts, such as nuclei, 
chromosomes, plasmasomes, centrosomes, etc. The size relations 
which exist between these parts of the cell and the plasma should 
throw light upon the interrelation between these cell constituents 
in other respects than size. The quantitative relations of differ- 
ent cell constituents at various phases of activity should be of 
significance in the study of many*fundamental problems of growth, 
differentiation and cellular physiology. 

Within the past few years several contributions on this sub- 
ject have appeared, principally from Boveri and It. Heiiwig, 
and their students. In so far as these works have dealt with the 
development of the egg they have been based on a study of eggs 
of ‘indeterminate cleavage’ in which it is not jKissibfe to trace 
individual blastomeres throughout the cleavage period; the re- 
sults have therefore been mass results, based on averages of 
cells of a given stage. In the study of vital phenomena it is 
frequently important to deal with individual rather than with 
average results; in the following pages I have attempted to apply 
the method of the quantitative study of cells and of cell constit- 
uents to individual blastomeres at various stages of the cleavage. 
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_ART I 

c:ell size and nuclear size in normal development 
I. Unequal cell divisions 

I, The maturation divisions. The most unequal of all cell 
divisions are those which give rise to the polar bodies. The 
actual diameter of the first polar body and of. the egg, and the 
relative volumes of the two, are here given for a number of dif- 
ferent animals. These measurements were made on eggs which 
had been fixed, stained, and mounted in balsam. 


TABLE 1 

Sizes of polar bodies and eggs 




DIAMETER FTHHT DIAMETER 
POLAR BODY OF EUG 


j HEI.ATIVB VOLUMES 







Cumingia tellinoides 

6 

45 

' 1 

421.8 

Amphioxus lanceolatus 

6 ^ 

108 

i 1 

5832.0 

Cynthia partita < 

T . 9 ; 

105 

; 1 

1560.8 

Cerpidula plaIl^f. ... 

• 12 

130 

i 1 

1442.8 

Crepidula fornicata 

12 

182 1 

: 1 

3443.0 

Crepidula convexa 

15 

280 

1 

6434. S 

Crepidula adunca 

15 i 

410 1 

1 

20123.6 

Fulgur carica 

15 

1000 

1 1 

1211355,0 


In mani^ other cases, sftch as the eggs of selachians, amphib- 
ians and birds, tJhe disproportion between the polar body and the 
egg is much greater than in the cases here measured. The sig- 
nificant thing here is not merely the degree of inequality, but also 
the relative uniformity in size of the polar bodies as compared 
with the egg. Although the eggs of different animals vary enor- 
mously in size, the polar bodies vary relatively little, and it is 
safe to conclude, both from observation and experiment, that the 
polar bodies are in general the smallest cells which can be formed 
from egg cells by the process of normal cell division. 

In spite of this very great inequality of the daughter cells, the 
mitotic figure in the first maturation division of Crepidula and 
of many other animals is the largest in the whole life cycle. When 
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first formed this spindle lies near the middle of the egg, and if the 
division wall were to form while the spindle lies in this position 
a polar body would be formed whose diameter would be to that 
of the egg as 1 : 1, 1 : 2, or at the least 1 : Later the spindle 
moves toward the periphery until one pole comes into contact 
with the cell membrane. The membrane then protrudes over 
this pole and into this protrusion the end of the spindle moves; 
at the same time the spindle itself constantly grows shorter, 
until finally the spindle is but little more than double the diameter 
of the polgir body, and in the separation of the polar body the 
division wall passes through the equator of the spindle. In 
Crepidula plana the first maturation spindle shortens to aboi^t 
half its original length; during the metaphase its maximum length 
is about 42|U, at the time when the polar body is being separated 
it is only 24g long. 

By means of centrifugal force it is possible to prevent the 
spindle from moving from its first position and also from short- 
ening, and under these circumstances giant polar bodies are 
formed, sometimes quite as large as the remainder of the egg. 
In all such cases the division wall passes through the equator 
of the spindle. Evidently the factors which bring about this 
most unequal of all cell divisions are (1) the eccentricity and (2) 
the shortening of the maturation spindle. 

The second polar body is but slightly smaller than the first, 
nevertheless the spindle is much smaller, its maximum length in 
Crepidula plana being 18/i ; correspondingly it shortens much less 
in the anaphase than the first polar spindle, being almost as long 
when the division wall begins to form as in the metaphase. 
Though the second polar spindle may appear at some distance 
from the point at which the first polar body was formed, and 
althbtgh its axis may lie at right angles to that of the first polar 
spindle, it invariably rotates into the axis of the latter and the 
whole spindle moves toward the surface until its outer pole 
comes to lie immediately under the first polar body, and here 
the second polar body is pushed out. In this case the principal 
factor which causes the inequality of division is the eccentricity 
of the spindle. If the spindle is prevented by pressure or ceni- 
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trifugal force from taking this eccentric position the resulting 
cell division may be nearly equah or a giant second polar body 
may be formed (fig. 11). 

2. Cleavage, The first Cleavage of Crepidula and of Fulgur 
is approximately equal. The pronuclei lie near the animal pole 
of the egg, the egg nucleus lying somewhat nearer the polar 
bodies than the sperm nucleus'. The first cleavage spindle is 
oriented so as to lie at right angles to the egg axis, but it is im- 
possible in these eggs to determine whether, the spindle lies in 
a particular cross axis or not. However in typical cases the 
spindle invariably lies at right angles to the chief axis with its 
Equator in that axis, and the protoplasm and yolk are divided 
by the first cleavage plane with strict equality. The same is 
true of the second cleavage which in all these regards resembles 
the first. 

It has been generally assumed that equal cleavages, alternately 
at right angles, are due to simple mechanical conditions, such as 
the greatest diameter of the protoplasmic mass, and that they 
require no further explanation. As a matter of fact equal cleav- 
ages, and successively alternating ones, cannot be explained in 
so simple a manner. The fact that the first cleavage spindle 
invariably stands at right angles to the chief axis of the egg 
and with its equator in that axis shows that there is here some 
orienting power of the highest significance. It is well known 
that there is considerable variation in the path which the sper- 
matozoon takes through the egg, and in its manner of meeting 
with the egg nucleus; there is also much variation in the actual 
positions of the cleavage centrosomes and inAhe initial position 
of the first cleavage spindle, without any corresponding variation 
in the final position of the spindle or of the cleavage plane. As 
a result of the study of large numbers of eggs of many different 
animals, under both normal and experimental conditions, its 
seems to me necessary to conclude that the same factor which 
brings about an unequal division of an egg such as that of Unio, 
operates to cause the equal division of an egg like that of Crepid- 
ula; this factor is to be found in the pqiarity and symmetry oi 
the egg itself. In Unio, where the first cleavage is very unequal, 
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Lillie (’01) has shown that the spindle oscillates in the cell before 
coming to rest in its eccentric position; and in many cleavages 
in Crepidula the spindle may at first lie out of its normal position 
and may move later into its proper place; and this applies not 
only to the eccentricity but also to the axial position of the spin- 
dle. Something outside of the spindle itself determines the posi- 
tion which it shall take in the cell, and this is as true of equal and 
alternating cleavages as of unequal and non-alternating ones. 


TABLE 2 


Sizea of macromeres and microtne.rcfi vi Crepidula and FuUjur 


SPECIES 


C- plana 


C. convcxa. . . . 


Fulgur carica. . 


MACHOMEHE3 

DIAMK'rKK 

MICHOMERES ; 

DIAMETER 

P 

KKDATIVB 

VODIDMES 

lA-iD : 

81 


30 

ca. 10.9 : 1 

2A-2D i 

SO 

2ii 2(1 1 

36 

c.a. 10.6 : 1 

3A-3D 1 

70 

3:i -3d f 

33 

ca. 12.1 : 1 

4D 

60 

Id 

38 

ca. 4.9 : 1 

4A^C ^ 

60 

1 4;v-4c 

42 

c:i. 2.7 : 1 

5A, 6B 

75 

5a, 5b ^ 

60 

ca. 1.9 : 1 

50, oD 

68 

5c, 5d i 

08 

ca. 1 : 1 

lA-lD : 

hoo 

: l:i-ld ' 

69 

i e:i.22 0 : 1 

2A 2D 

195 

2a-2d 

5)0 

1 ca.59 3 : 1 

3A-3D ^ 

195 

^ 3a-3d 

50 

i ca.59 3 : 1 

lA-lD 

m) 

la-ld 

SO 

ca. 1000 : 1 

2A-2D 

800 

2a-2cl 

80 

ea. 1000 : 1 

3A-3D 

800 

1 3 a 3d 

80 

ca. KXX) : 1 

4D 

780 

i # 4d 

130 

ca. 210 ; 1 

4A^C 

740 

i 4a-4c ■ 

,370 • 

ca. .8:1 


The third, fourth, and fifth cleavages of the macromores of 
Crepidula and of other gasteropods are successively alternating 
in direction, and are notably unequal in the size of the daughter 
cells,- while the sixth and all subsequent divisions of the macro- 
meres are more nearly equal than the preceding ones. The 
diagi^ers of the cells formed by these cleavages and their approxi- 
|||Rat#t4tips, in Crepidula and Fulgur, are shown in Table 2. 

In tne structure of the macroineres there is no visible organi- 
zation which would explain why the first two cleavages of the 
egg are equal, the three following ones very unequal and subse- 
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quent cleavages more nearly equal again, and yet it is certain that 
some such organization must be present. It is generally believed 
that the inequality of macromeres and micromeres is due to the 
quantity of yolk contained in the former and where the quantity 
of yolk is extremely great, as in Fulgur, this is undoubtedly one 
of the causes of the great difference in the sizes of the macromeres* 
and micromeres; but that it is not the only cause of the inequality 
is shown by experiments in which by centrifuging eggs at the 
first or se,cond cleavage t.wo of the macromeres come to contain 
no yolk, while the other two contain all of the yolk; in the macro- 
meres which are purely protoplasmic and contain no yolk the 
subsequent cell divisions are still unequal, protoplasmic micro- 
meres of the usual size being separated from the protoplasmic 
macriJbfieres, (see p. 81). The study of normal as well as of 
artificially altered cleavage points unmistakably to the conclu- 
sion that the position and axis of each spindle is fixed by the 
structure of the cell protoplasm, and since the position and axis 
of the spindles ehango regularly in successive divisions this 
protoplasmic structure must change regularly in successive cell 
generations. Boveri (T5) says thaf the position of the spindle 
is not due to a permanent cell structure, but that the constitution 
of the egg undergoes progressive alterations, which then react 
on the division centers. 

Among the micromeres certain cell divisions are quite unequal, 
and here there can be no question that this inequality of division 
is in no way associated with the presence of yolk, since the micro- 
meres are purely protoplasmic. In Crepidula the first and second 
subdivisions of the first quartet cells (figs. 3, 8), which give rise 
respectively to the ^ turret^ cells and the ^apical rosette' cells, 
are very unequal; as is also the division of the seepnd quartet 
cells which give rise to the ' tip’ cells of the arms of the ectodermal 
cross. The diameters of the two daughter cells in each of these 
divisions, and the approximate ratio of one to the otherj; are as 
follows in Crepidula plana : 


25ai, laMd^ 13 m Ratio 2 ; 1 

\ 30m, la^-^ld' 18 m Ratio 5 : 3 

2fa'**-2d>'S 30 m, \ 15m Ratio 2 : 1. 
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In the case of normal eggs it cannot be demonstrated that the 
inequality may not be due to mutual pressure among the cells^ 
but in certain experiments which will be described in another 
paper, tMs factor may be entirely eliminated, isolated blastomeres 
showing the same inequalities of division as do those in the cell 
complex. In all of these cases of definite types of cleavage, the 
position of the spindle, and consequently the direction of divisiofi 
and the relative^ze of the daughter cells, is determined by. some 
structural pecufirity of the protoplasm and not by the presence 
of metabolic substances within the cell or by pressure from without. 

5. Significance of the yolk lobe. Under normal conditions 
the line of intersection of the first and. second cleavage planes 
marks the chief axis of the egg, its two ends being the animal and 
vegetal poles. In eggs in which the cleavages are unequal, the 
chief axis, thus defined, runs from the animal pole, which is marked 
by the position of the polar bodies, to a point more or less removed 
from the diametrically opposite pole. 

Is this chief axis predetermined in the egg or is it established 
by the positions of the first and second cleavage planes? Observ- 
ation alone affords no positive answer to this question, but the • 
fact that the spindle takes a definite and characteristic position 
in the egg indicates that something outside the spindle determines 
its position, and points to the conclusion that the chief axis is 
already present in the egg, as a structural differentiation before 
cleavage begins. This conclusion is well supported, by experi- 
ment, as will be shown later. 

In this connection the significance of the so-called ‘yolk lobe’ 
is interesting. As is well known this lobe is found in many eggs, 
especially in those in which the first and second cleavages are 
unequal. It is present however in minute form in such eggs as 
those of Crepidula and Uulgur in which the first two cleavages 
are approximately equal, but in cases in which these cleavages 
are unequal it is much larger, and in general the size of the yolk 
lobe is proportional to the inequality of division. In all cases 
so far as I am aware the yolk lobe lies diametrically opposite the 
animal pole, and if detached from the egg at the time when it is 
fully formed, the egg divides into equal blastomeres, as Wilson 
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(’04) found in Dentalium; if it remains attached it fuses, at the 
.close of the cleavage, with one of the cells, which then becomes 
larger than the other one. In this case the cleavage spindle 
is not eccentric and the furrow cuts down through the, center of 
the egg until it reaches the yolk lobe when it turns to one side of 
the lobe leaving it attached to one of the cells. In this way a 
cleavage which began as an equal one becomes unequal. Where- 
the spindle is eccentric from the start and the. furrow does not 
pass through the center of the egg the yolk lobe fe not prominent. 
In this way inequality of division may arise through the eccen- 
tricity of the spindle, or through the formation of a yolk lobe which 
remains connected with one of the two daughter cells, which 
would otherwise be equal. 

One cannot study the eggs of different animals without being 
much impressed with the fact that the distribution of yolk to the 
four macromeres is highly characteristic of different species and 
orders. Thus among prosobranchs the yolk is distributed either 
equally to all the macromeres, as in Orepidula, Fulgur, Trochus. 
etc., or if one of the macromeres is larger than the other three it 
is the left posterior macromere, i), as in Nassa, Urosalpinx, 
Tritia, etc. Among opisthobranchs, if the macromeres are 
unequal in size it is one or both of the anterior ones, A or 
which is the larger. Among puImonate.s, so far as I recall, the 
macromeres are always equal in size. 

The fa»t that there are these characteristic differences in the 
sizes of the macromeres of different orders indicates that they 
have some characteristic cause; and the fact that in nearly re- 
lated species the macromeres may be equal or unequal indicates 
that in this case the cause is not a very general one. If one 
considers that the first and second cleavages normally pass 
through the egg axis, and that their position is determined by 
this structural feature, the unequal distribution of yolk to the 
four macromeres may be due to the localization of the yolk in 
different parts of the ovarian egg, — on the posterior side of the 
chief axis in prosobranchs, on the anterior side in opisthobranchs; 
while a larger or smaller yolk lobe would determine the degree 
of inequality of the macromeres in the different species. 
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Apart from the relation of the yolk lobe to unequal cleavage 
Wilson C04) has shown that it bears some relation to the forma- 
tion of the pretrochal region in the larva of Dentalium; when the 
lobe was removed the pretrochal organs failed to develop. What 
the morphogenetic factors are, which are located in the yolk lobe, 
is not known, but the significance of the lobe can scarcely be for 
the formation of the pretrochal region, since in animals with no 
lobe or with a very minute one these regions form quite as well 
as in those with a large lobe. 

These explanations refer to the ^‘prospective significance’’ of 
the yolk lobe, and I know of no certain evidence as to the cause 
of its formation. The fact that such a lobe is present in almost 
all gasteropod eggs, differing only in size in different species, and 
that it is present in the eggs of annelids and a large number of 
other animals, indicates that it has some cause of general occur- 
rence.. In 1897 I suggested that the yolk lobe* marks the point 
of attachment of the ovarian egg to the follicular wall. At this 
point there is left a little mass of protoplasm on the surface of 
the egg, and here there is a weak spot in the protoplasmic pellicle 
which surrounds the egg. If the egg is put under pressure the 
yolk may b’e caused to flow out at this point, and in the increased 
tension which accompanies mitosis a yolk lobe is often pushed 
out at this spot. 

On the whole then, it seems probable that the yolk lobe rep- 
resents a temporary extrusion of egg subsfange duting mitoti(/ 
pressure at the former point of attachment to the ovarian wall, 
and that as a result of the presence of a large lobe of this kind, 
the first and second cleavages may be rendered unequal though 
the intersection of the furrows may lie in the egg axis and in the 
polar diameter of the egg. 

In this connection one recalls the ‘Dotterbair and the ‘ Granula- 
bair observed by Hogue (TO) and Boveri (TO) in centrifuged 
eggs of Ascaris. Boveri comes to the conclusion that these are 
formed because they lie outside the influence of the asters or 
spheres: ‘‘Man konnte vielleicht sagen: — der von einen Sphare 
eingenommene Plasmabezirk sucht sich von allem was ausserhalb 
dieses Wirkungskreises liegt, abzuschniiren,” (p. 123). He sup- 
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poses that when the spindle, lying at right angles to the egg axis, 
is pushed far toward the animal or vegetal pole, a ^balF is formed 
at the opposite pole. "VYhether this ^bair is homologous with 
the yolk lobe I shall discuss in another paper in which the arti- 
ficial production of such ‘balls' will be considered, but Twish to 
point out here that although the first and second cleavage spindles 
in the large eggs of Crepidula and Fulgur lie near the animal 
pole, and far from the vegetal, the yolk lobe in these forms is 
very small, whereas in the minute, eggs of the oyster and the clam, 
where the spindles are much nearer the vegetal pole, the yolk lobe 
is relatively very large. If, as I believe, this lobe is the result of 
an unsymmetrical distribution of yolk and egg substance with 
reference to the egg axis, or in the case of Ascaris with reference 
to the normal division plane, the great size of the lobe in some 
cases and its minute size in others, in which the area lying outside 
the ‘‘ Wirkungskreise" of the spheres is much greater than in the 
former, would find a ready explanation. 

11. Cell size and nuclear size in eggs and blastomeres 

Strasburger ('98) was the first to show by detailed measure- 
ments that a fairly definite ratio exists between the nuclear size 
and the cell size in the embryonic cells of any given species of 
plant. He gives tables of measurements of the sizes of nuclei 
and cells ^n some forty different species, the nuclei ranging in 
diameter from l6/.<. to 3/i, and the cells from 24/i to Sju. In gen- 
eral he found that the ratio of nuclear diameter to cell diameter 
is approximately as 2 to 3; and the ratio which exists in any ease, 
is held to be due in general to the ‘working sphere of the nucleus,' 
i.e., to, the extent to which the metabolic interchange between 
nucleus and cytoplasm can reach. 

Gerassimoff (’01, '02) found; in the cell division of Spirogyra, 
that when both daughter nuclei were caused to remain in one of 
the daughter cells, that cell grew to a larger size than normal, and 
he therefore concluded that the nuclear size determines the cell 
size. 
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Boveri (’02, ’05) found that the size of the nuclei in sea urchin 
lArvae is dependent upon the number of chromosomes which enter 
into the nuclei; in parthenogenetic or hemikaryotic eggs the nu- 
clei are smaller than in fertilized (amphikaiyotic) ones, and they 
are smaller in the latter than in diplokaryotic eggs in which the 
number of chromosomes is greater than iiorrnah Furthermore 
he found that nuclei with a small number of chromosomes are 
not only smaller than those containing a larger number but that 
the cells in which they lie are also smaller, owing to the occurrence 
of a larger number of cell divisions in cells with small nuclei than 
in cells with large ones. 

Boveri’s work was based primarily on his studies of echinodenn 
development and some of his conclusions are not applicable, 
without modification, to the eggs and larvae of other forms, 
especially forms in which there are great inequalities of cleavage 
and in which various cells of the larva differ markedly from one 
another in size. Thus his generalization, sometimes mentioned 
as ^Boveri’s Law,’ viz., ^^Dic Grosse der Larvenzellen ist eine 
Funktion der in ihnen enthaltenen Ghromatinmenge, und zwar 
ist das Zellvolumen der Chromosomenzahl direkt proportional,” 
could not apply, without modification, to eggs or larvae in which 
various cells differ greatly in size without any corresponding 
difference in the number of chromosomes. Unequal cell divisions 
are frequently found in the development of mollusks, annelids 
and ascidians, where purely mechanical causes, such ^as mutual 
pressure between cells or the pressure of yolk within cells are not 
involved; in such cases the sizes of the nuclei invariably become 
proportional to that of the plasma, though the number of chro- 
mosomes remains the same in every nucleus. Similarly, many 
cells at first equal in size become unequal through dissimilar 
growth, and their nuclei then become unequal also. Finally, 
in each of the animal groups named, cells at first equal in size may 
become unequal through dissimilar rates of division. In all 
such cases the number of chromosomes appears to be, and pre- 
sumably is, the same in every nucleus of a given egg or embryo. 
Evidently in cases of normal development the number of chromo- 
somes does not determine the varying sizes of cells and nuclei. 
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H. Hertwig (’03, ’08) as a result of his earlier work (’89) upon 
protozoa, has laid especial emphasis upon the fundamental sig# 
nificancc of the ratio of nuclear size to cell size. He says (’03, 
p. 56): 

Wir iialxMi ini vorhergelienden sehr komplizirte Wechsclwirkung 
z\viscliori Kern und Protoplasma kennen gelernt. Verkleinerung der 
Kerninassc' fiihrt zu Verkleinerung der Zellgrdsse (Boveri), Vergross- 
erung dr^’ Kernmasse zu cinor Vergrdsserung der Zelle (Gerassimoff, 
Bov(Ti) . Andenjrseits kann aber auch Schwund des Plasmas zu einer 
K.<‘<luktion des Kcrnmaterials Veranlassimg Averden. Diese Verhalt- 
nissc kaim man nur erklaren, Avenn man die oben vertretene Annahme 
macht, das jodor Zelle normalerAveise eine bestimmte Korrelation von 
Plasma- und Kernmasse zukommt, Avelche Avir kurz die “Kernplas- 
marelation” nennen Avollen. 

^lore recently Hertwig and his students have made many 
notable contributions to these ^‘new problems of the cell theory,” 
as Hertwig (’08) calls them. It has long been known that large 
cells have large nuclei, small cells small nuclei: 

Das Neue, welches in der Lehre von der Kernplasma-Relation gegeben 
ist, ist der Gedanke, dass das Alassenverhaltnis von Kern zu Proto- 
plasma, der Quotient k/p, d.lu Masse der Kernsubstanz dividiert durch 
Masse des Protoplasma, ein gesetzmassig regulierter Factor ist, dessen 
(h’dsse flir alle von Kerne beeinHusten Lebeiisvorgange der Zelle, fiir 
Assimilation und organisierende Tatigkeit, fiir Wachstum und Teil- 
ung, von fundamentaler Bedeutung ist. 

Hertwig calls attention to the fact that the Kernplasma-Rela- 
tion differs' in different phases of cell life, and he chooses for meas- 
urement that phase when the cell has come out of division and 
begins to nourish itself and to grow. This condition is known as 
the Kernplasma-Norm, and departures from it constitute what he 
calls Kcrnplasma-Spaimung. This work of Hertwig and his 
school will be discussed more fully after the presentation of my 
observations. 

I . Cell size and nuclear size in the cleavage of Crepidula plana. 
In my work on Karyokinesis and Cytokinesis in Crepidula (’02) 
I showed that the sizes of nuclei, spheres and asters, centrosomes, 
chromosomes, and plasmasomes are correlated with the quantity 
of cytoplasm in the cell, and the following pages constitute an 
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elaboration and further extension of that work. The egg of 
Crepidula plana is a particularly favorable object for the study 
of such a subject. The eggs may be stained and mounted entire 
in such manner that all of these cell constituents show with great 
distinctness, and the advantage of seeing whole eggs and nuclei 
in making such measurements is sufficiently obvious. 

A further advantage of the study of whole eggs is found in the 
fact that the exact stage in the cell cycle is more easily determiiied 
in whole eggs than in sections. Aly work has shown that it is 
most important in comparing the sizes of cell constituents to 
compare precisely corresponding stages, and accordingly I have 
chosen for measurement stages of the maximum and minimum 
sizes of the nuclei. The growth of the nucleus is more rapid in 
the last stage of the resting period preceding mitosis (‘Kernteil- 
ungswachstum’ of Hertwig) than at any other time in the cell 
cycle, and in order to find the maximum nuclear size it is neces- 
sary to measure the nuclei just before the nuclear membrane dis- 
appears. Such stages are easily selected by looking for eggs in 
which part of the nuclei of a certain generation of cells are divid- 
ing while others have not yet begun to divide, as in figs. 1 and 2. 
At this stage there is great uniformity in the dimensions of the 
nuclei of particular blastomeres, and as the nuclei at this stage 
are regular spheres, it is easy to calculate their volumes. 

The cell dimensions are more difficult to determine than are 
those of the nucleus. In cells which contain yolk and in cells of 
irregular shape it is not possible to determine the volume of the 
plasma with accuracy. After the first cleavage the plasma and 
yolk are sufficiently well separated so that the dimensions of the 
cytoplasm can be fairly well observed ; before the first cleavage the 
plasma is so mixed with the yolk that this can not be done and I 
have here had recourse to the method of centrifuging the yolk 
out of the egg, leaving only the nucleus and plasma which can 
then be easily measured. Wherever it could be done, I have 
chosen cells for measurement which were as nearly spherical as 
possible, but where the dimensions in different axes differed con- 
siderably I have determined the mean diameter, vyhich is the one 
recorded. 
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*It is well known that during mitosis the general surface tension 
of a cell increases, and the cell tends to become spherical in shape. 
In measuring the maximum cell size, I have usually taken the 
stage immediately after the nuclear membrane disappears, and 
when the cell approaches a spherical shape. Similarly the mini- 
mum cell size has been determined by measuring the daughter 
cells during the telophase when they are approximately spherical. 
I have confidence in the substantial accuracy of my measurements 
of these maximum and minimum sizes of the purely protoplasmic 
•micromefes. The volume of plasma in the yolk-containing 
macromeres is merely an approximation. 

All measurements were made with Zeiss 1 /I micrometer eye- 
piece and 3 mm. homogeneous immersion objective. In all cases 
enough cells and nuclei were measured to give a fair average, 
though there is relatively little variation in the sizes of particular 
cells and cell constituents at corresponding stages in the cell 
cycle. All the eggs studied were fixed, stained and mounted in 
the same manner, so that alterations due to shrinkage should be 
approximately the same in all. 

It is evident from table 3 that while large cells have larger 
nuclei than small cells, the relation of nuclear volume to cell 
volume is not constant. In different blastomeres of the same 
egg the Kernplasma-Relation, measuring nuclei and cells at their 
maximum size, varies from 1 : 14.5 to 1 :0.37; even in purely 
protoplasfmc cells it varies from 1 : 14.5 to 1 : 8.7. In cells con- 
taining yolk the ratio of nuclear volume to cell volume (includ- 
ing the yolk) varies from 1 : 89.5 to 1 : 34.8. In the different 
blastomeres of this egg there is no constant nuclear-plasmic ratio, 
or Kernplasma-Norm. However in different eggs corresponding 
blastomeres have the same Kernplasma-Relation, when measured 
at corresponding stages. The volumes of the protoplasm and of 
the nucleus show little variation in any given blastomere and the 
Kernplasma-Relation of each of the blastomeres named in table 
3 is practically the same in all eggs. Since many of these blasto- 
meres are peculiar in ooplasmic constitution and prospective 
significance it is not improbable that the peculiarities in their 
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TABLE 3 


Maximum nuclear size and cell size in (he blastomeres of Crepidula plana; {measured 
just before nuclear membrane dissolves) 


STAGE DIAMETER 

BLASTOMERES OF CELL 

1 

I DIAMETER 
VOLUME 1 

OF CELL i^KOTOPLARM 

1 I.VCLUDING 
NUCI.EU8 

DIAMETER 

OF 

NUCLEUS 

VOLUME 

OF 

NUCLEUS 

VOLUME OF 
FHOTOri.AaM- 

i.Kas i 

VOLUME OF ' 
NUCLEUS ! 

KEH.V- 

UI.ASMA- 

relation 



ClitnC jl 

M 

M 

cuilic jj. 

cubic n 


Before maturailoB. 

150 

1,755,000 

ca. 64* 

42 

32,409 

97,131 , 

1 : 3 

Before first cleav- 




930+ 


' 


age 

142 

1,488,910 

ca. 65* 

V24 = 34.5 

21,375 

121,430 

1 :5.6 

AB, CD, before sec- 








ond cleavage. . . 

106 

619,329 

ca. 51* 

24 

7,238 

61,741 

1 :3 5 

A, B, C, D, before 








third cleavage... 

82 

286,712 

ca. 44* 

23 

5,775 

38,570 

1 : 6 6 

lA-lD, before 






' 


fourth cleavage. . . 

81 

270,350 

ca. 40 

31 

4.849 

' 28,431 

1:58 

la-ld. before dlvl- 








Sion 



30 

14 

1,437 

12,003 

1 : 8 7 

2A-2D, before fifth 








cleavage. 

80 

266,240 

ca. 36 

18 

3,055 

21,196 ^ 

1 : 7 

2a-2d, before dlvl-: 








slon 



36 

15 

1,767 

22,484 

1 : 12 7 

lai— Id'-, before dl- 








vision 



30 

12 

905 

13,135 

1 ; 14 5 

la*— Id*-, before dlvl- 








slon 



15 

7 

180 

1,587 

1 : 8,8 

3D, before sixth 








cleavage 

76 

228,288 

ca. 30 

16 

2,145 

11,895 

1 : 6.5 

3A-3C, before sixth 








cleavage 

76 

228,288 

ca. 22 

15 

2,145 

3,430 

1 ; 1.6 

3a-3df before divi- 








sion 



33 

U 

1,437 

‘1 19,K0 

1 : 13.-3 

2a*— 2d'-,before dlvl- 








Blorf 



' 30 

14 i 

1,437 

12,603 ‘ 

1 i8 7 

2a*— 2d*-, before divi- 




1 




sion 



30 

14 1 

1,437 

' 12,603 . 

1 ;8.7 

4d, before seventh! 








cleavage 

38 

28,533 

ca. 22 

11 i 

697 

' 4,878 : 

1 : 7 

4A-4D, before sev- 




i 




enth cleavage 

60 

112,320 

ca. 20 

18 

3,055 

1.134 . 

1 :0.37 

4a-4c, before sev- 








flQih cleavage 

42 

32,409 

ca. 14 

12 1 

905 

i 532 1 

1 :0.58 


* After yolk has been centrifuged out of egg. In normal eggs yolk and proto- 
plasm are pot well segregated at this stage. 
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Kernplasma-Relation may be the result of differentiations already 
present in the blastomeres. 

In table 3 only maximum nuclear and cell dimensions are given 
for the different blastomeres. Results would undoubtedly differ 
greatly if the minimum nuclear and cell dimensions were taken 
instead of the maximum. Accordingly in table 4 the minimum 
nuclear and cell dimensions for the various blastomeres of Cre- 
pMula plana are given, together with the Kemplasma-Relation 
of each. 

It is well known to cytologists that in cells undergoing regulal 
division the minimum size of the nucleus is reached in the late 
anaphase, when the individual chromosomes have contracted to 
their smallest size and when they are most closely crowded 
together. A little earlier than this stage the chromatic plate is 
wider and the spaces between individual chromosomes greater; 
a little later the chromosomes begin to absorb achromatin and to 
swell up to form the chromosomal vesicles. At this stage of 
greatest nuclear contraction the chromosomal plate has approxi- 
mately the form of a disk or short cylinder, and although the polar 
ends of the chromosomes are closer together than the equatorial 
ends, the disk being like a truncated cone, rather than a cylinder, 
we shall not greatly err if we treat this chromosomal disk as a 
short cylinder, rather than as a truncated cone. In table 4, 
in the column giving the dimensions of the chromosomal disk the 
first number is the diameter of the disk, the second its thickness. 

Popoff (’08) ’has found in Frontonia that immediately after 
cell-division there is a diminution of the nucleus, which is {hen 
followed by a slow growth' (‘Funktionelles Wachstum’ of Hert- 
wig), and this by a much more rapid growth of the nucleus pre- 
ceding division ('Teilungswachstum’ of Hertwig). Both the 
functional growth and the divisional, growth occur in the. cleavage 
of Crepidula, but there is no diminution of the nucleus following 
division as in Frontonia. On the other hand, the minimum nu- 
clear size is reached in the anaphase just before division of the 
cell body, as has been explained. 

In the early telophase the chromosomal plate is drawn close to, 
and moulded over, the centrosome, and consequently the shape 
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of the chromosomal plate, its degree of curvature and width, 
dependent in part upon the size of the ccntrosome, I found in 
1893 that in unequal cell division the ceiitrosomes and asters 
become unequal before the cell division is finished, though in the 
earlier stages of mitosis the centrosomes and astei*s at the two 
poles of the spindle are equal in size; only after the cell division 
is finished do the daughter nuclei become unequal. The present 
work has confirmed these earlier conclusions and has shown in 
addition that the shape of the chromatic plate at the ends of the 
spindle is influenced by the size of the centrosomes, and hence 
by the equality or inequality of the division. If the centrosome 
is large the chromosomes form a slightly arched plate on its 
surface; if it is small the plate is highly arched. In the former 
case the plate remains relatively wide and the daughter nuclei 
when they are formed are disk-shaped; in the latter the plate and 
the daughter nuclei become more nearly spherical. Therefore, 
in comparing the sizes of chromatic plates it is necessary to meas- 
ure them before this difference in shape appears, i.e., in the late 
anaphase. But even when all these precautions are taken the 
probable error in measuring objects of such small dimensions is 
considerable, but at least these measurements give the relative 
order of magnitude of the chromosomal disks in the different 
blastomeres. 

The minimum cell dimensions occur in the early telophase, when 
the daughter cells first separate; at this stage the cells are nearly 
spherical in form and it is not difficult to calculate their volumes 
with substantial accuracy. While the minimum cell size does 
not occur at precisely the stage when the nuclei are smallest, 
it occurs so soon thereafter that it can make but little difference 
in the determination of the Kernplasma-Relation. 

In short the Kernplasma-Relation, when plasma and nuclei 
are measured at their minimum sizes, varies in different blasto- 
meres from 1 : 29 to 1 ; 285.6. . Except in the division of certain 
cells in the fourth and fifth cleavages {2A~2D and 2a~2d^ 2a^~2d^ 
and 2a‘^2d^) there is no appearance of a constant ratio between 
nucleus and plasma in these different blastomeres. In general 
the dimensions of the nuclear plates decrease with every cleav- 
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TABLE 4 


Minimwn nuclear size and cell size in Ike blaslomeres of Crepidula plana. (Nu- 
clear plate measured in the late anaphasei cell diameter in early telophase) 


STAGE BLASTOMERES 

H 

O 

Em 

0 

a 

u 

< 

3 

° 0 

0 r. 

w 3 d 

S j 

a 

DIMENSIONS OF 
NUCI.EAH PLATE 

K 

< 

Ed 

O 

D 

Z 

b 

o 

»K a 

S H 

S 

C 0- 
> 

s 

sS 

? - ® 
m ® 
b K H 

® ^ d 
a S !=* 

K 

k 

a 

? 

tz 

5 0 

H 

\A 



e 


M 
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2 

cells AB, CD,. 

105 

ca. 46 

9x3 

190 5 

30,504 

1 :160. 

4 

cells A,B^C,D, . . 

78 

ca. 40 

8x3 

150.6 

30,695 

1 :203.8 

8 

cells 

75 

ca. 36 

6x3 

84.6 

24,166 

1 :2S5.6 


\la~ld ... 

27 

27 

6x3 

84.6 

10,235 

1 :120 

12 

cells 

72 

ca. 30 

6x3 

84,6 

13,955 

1 ; 165 


\2a-2d 

: 30 

30 

6x3 

84.6 

13,955 i 

1 ; 165 

16 

„ /laMdi .. 
cells <. 

30 

30 

5 X 3 

^ 58.8 

13,955 

1 : 237 


\laMd2 . 

! 15 ! 

15 

5x3 

58.8 

1,708 

1 :29 

20 

cells /3A-3D..,, 

1 72 

ca. 15 

4x3 

37.5 

1,729 

1 :46 


\3a-3d 

1 25 ' 

25 

4x3 

t 37.5 

8,087.5 

1 :215 

24 

cells 2a^-2d^... 

24 ; 

24 

4x3 

37,5 

7.200 

1 : 195 

25 

cells 

GO ’ 


5 x3 

.58.8 




\4d 

30 


5x3 

58.8 




2a2-2d2... 

24 : 

24 

4x3 

! 37.5 

j 7,200 

1 ;195 

29 

cells I LV'*-ld*'^ 1 

15 1 

15 

4x3 ; 

37.5 

j 1,729.5 ; 

,1 :46 



24 

24 

■ 4x3 

37.5 

7,200 1 

1 :195 

:V2 

cells 



4x3 

37.5 

! 



\4a^c 



'4x3 1 

37.5 




age, while all the cells of the same generation have nuclear plates 
of about the same size, though their protoplasmic volumes vary 
widely. 

There is a great difference between the maximum and mini- 
mum volumes of the same nucleus, ranging from 1 : 27 to 1 : 38, 
while there is a relatively slight difference between the maximum 
and minimum sizes of the plasma and accordingly the Kern- 
plasma-Rfelation of any blastomeres varies continuously from the 
stage of minimum nuclear volume to that of maximum nuclear 
volume: Hertwig (’08) has chosen as the stage showing the 
Kernplasma-Norm, ‘^das Verhalten der jugcndlichen Zelle, welche 
eben aus der Teilung hervorgegangen ist und nun anfangt sich 
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von neuem zu ernahren, um abernials heranzuwachseu und sich 
zu teilen/^ I have tried to make measui’ements at the stage 
described by Hertwig, but find that in these segmenting eggs it 
is too ill defined to be safely used. Between successive divisions 
the nuclei are growing continuously and rapidly and there is no 
clearly marked pause in the nuclear growth; accordingly slight 
differences in the stages chosen for measurement show relatively 
large differences in the sizes of the nuclei. 

In order to take a stage intermediate between the two ex- 
tremes of nuclear size, and in which the nuclei may be regarded 
as having reached a normal functional condition, not related 
primarily to the preceding or succeeding division, I have chosen 
that stage when the nuclei first become regularly spherical in 
shape. For a considerable part of the resting period the nuclei 
are elongated at right angles to the previous spindle axis, and 
in the plane of the chromatic plate of the previous anaphase; 
during the latter part of the resting period they grow very rapidly 
in preparation for the succeeding division (^Kernteilungswachs- 
tum' of Hertwig). The stage when the nuclei first become spher- 
ical lies somewhere between these two phases and may therefore 
be considered to represent the mean nuclear size. However this 
stage is not so precisely defined as are the stages of maxiVnum 
and minimum nuclear size, and therefore the nuclear dimensions 
are likely to be more variable. 

It is obviously more difficult to determine the volume of the 
cleavage cells during the resting period, when they are pressed 
into irregular and polygonal forms, than during mitosis when they 
approach a spherical shape. However the approximate accuracy 
of the cell dimensions recorded in table 5 may be judged by com- 
paring them with the maximum and minimum cell dimensions, 
given in tables 3 and 4. 

The Kernplasma-Relation varies about as much for mean 
dimensions of the nucleus and cell as for maximum ones, though 
not as much as for minimum dimensions. In yolk-containing 
cells it varies from 1: 1.1 to 1 : 27.5 and in purely protoplasmic 
cells from 1:7 to 1:35.7. 
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TABLE 5 


Mean nuclear size and cell size in the hlastomeres of Crepidula plana. {Measured 
token nuclei first become spherical after division) 
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Before cleavage. . . . 

136 

ca. 60 

1 (^12 

3,960 

109,137 

1 ;27,5 

2 cells AB, CD . . . 

105 

ca. 44 

18 

3,055 

41,240 

1 : 13.5 

4 cells A, B,C,D. 

78 

ca. 40 

16 

2,145 

31,135 

1 : 14.5 

/lA-lD.... 

75 

ca. 36 

15 

1,767 

22,484 

1 :12.7 
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30 

30 

12 
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1 ;14.5 

/2A-2D.... 
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15 
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36 

12 
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30 
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9 
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1 :35.7 
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15 
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; 24 

24 

! 12 
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6,333 

1 :7 

32 cells ■ • • 



i 15 

1,707 



\4a^c .... 



1 9 
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Incidentally the interesting fact appears 'that nuclei in large 
cells do not become spherical until they have reached a larger 
size than their sister nuclei in small cells; for example in the micro- 
meres la~ld and 2a-M the nuclei become spherical when they 
are about Vlp in diameter, in the macromeres lA-lD and 2A~2D 
their sister nuclei are about 15/i in diameter before they become 
spherical . Since the same amount of chromatin goes into each 
of the sister nuclei, the difference in the size of the nuclei when they 
first become spherical must be found in some other factor. It 
seems probable that it is due to the shape of the chromosomal 
disk, which renjains flattened, or slightly arched, in large cells 
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is highly arched in small ones, owing to the greater or smaller 
size of the centrosomes, as explained on p. 19. The flattened 
chromosomal plate gives rise to a disk-shaped nucleus, which 
only later becomes spherical, whereas the highly arched plate 
sooner gives rise to a spherical nucleus. 

Cell-size and nuclear size in ike cleavage of Fulgur caricci. 
The eggs of Fulgur carjca are the largest gasteropod eggs of which 
I know, while the eggs of Crepidula plana are among the smallest. 
It will be instructive therefore to compare the Kernplasma- 
Relation in these two cases. Table 6 gives the mean nuclear 
size and ceil size of the blastomeres of Fulgur. The eggs measured 
were fixed, stained and mounted entire, as in the case of Crepi- 
dula plana. Owing to the great size of these eggs it was necessary 

TABLE 6 


Mean nuclear size and cell size in the blaslomcres nf Fulgur corica 
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1 768 

l60 1 

96 

460,063 

1,669,8.57 

; 1 

;3.6 

la-ld 


i 80 1 

16 ; 

2,145 

264,095 

1 

: 127.7 

2a-2d... 


i 80 ; 

16 ! 

2,145 

204,095 

1 

: 127.7 

3a-3d 


: SO ^ 

16 

2,145 

264,095 

1 

: 127.7 

laMd‘ 


I 80 ^ 

16 ^ 

2,145 

264,095 

: 1 

; 127.7 

la^-W 

i 

i 40 1 

8 

266 

33,014 

i 1 

:124 
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to make the measurements under a relatively low power, the 
8 mm. apochromat objective and the 1/1 micrometer eyepiece 
of Zeis.s. Owing to the relatively low magnification the probable 
error is greater than in the measurements of the eggs of C, plana. 

With the exception of the cells 3A~3C and 4A-4D the Kern- 
plasma-Relation is in this case practically constant, varying only 
from 1 ; 124 to 1 : 127. In view of the fact that I can find no 
constant Kernplasma-Relation in the blastomeres of Crepidula 
this result in the case of Fulgur is unexpected. I am sure that 
my measurements in the case of Fulgur are not so accurate as in 
Crepidula, the number of eggs measured being relatively small 
and the magnification used low, so that each interval of the scale 
stood for Sjd. The uniformity in the measurements of the differ- 
ent blastomeres and nuclei of Fulgur may be due in part to this 
fact; on the other hand this would only account for the lack of 
minor variations and would not explain the general uniformity. 
There is no doubt that the micromeres of Fulgur are more uni- 
form in size, than those of Crepidula; also the whole cleavage 
process is very much slower, and (with the exception of the macro- 
meres 3A~3C and 4A~4D) the divisk>ns are more nearly synchro- 
nous in the different cells than in Crepidula. It seems probable 
that these two facts are connected with the more uniform Kern- 
plasma-Relation of the different blastomeres of Fulgur. 

This conclusion is rendered still more probable by a consider- 
ation of the two generations of cells in which there is a wide de- 
parture from the usual Kernplasma-Relation, viz. 3A~8C and 
AA~Ji.D. In these cases, as in the same cells in Crepidula the 
resting stage is particularly long, lasting in the case of 4A~4D 
until all the organs of the embryo are outlined and more than one 
thousand cells are present; consequently the nuclei grow to an 
enormous size so that the Kernplasma-Relation falls in one case 
to 1 ; 35.8 and in the other to 1 : 3.6. In the corresponding cells 
in Crepidula the ratio is 1 : 1.6 and 1 : 0.37; the volume of the 
nucleus in the last named case being about three times that of the 
plasma. The Kernplasma-Relation of the cells Jf.a-4c is 1 : 0.58 
in Crepidula, the nuclei being about twice as voluminous as the 
plasma; in the corresponding cells of Fulgur this ratio cannot be 
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readily determined since the nuclei undergo several divisions> 
though the cell body does not divide. 

From these measurements it may be concluded that when cell 
division takes place at regular intervals the Kernplasma-Relation 
is fairly constant; when it takes place at irregular intervals this 
ratio is variable. The longer the resting period the larger the 
nucleus becomes, and in extremely loiig resting periods the greater 
part of the plasma may be taken up into the nucleus. 

These observations are in full agreement with experiments on 
the eggs of Crepidula which will be described later. They are 
not antagonistic to Boveri’s conclusions as to the correlation be- 
tween chromosome number and nuclear size; on the other hand 
my own experiments show that the size of the nucleus is depend- 
ent, in part, upon the number, of chromosomes which enter into 
its formation. But in normal cells all of which contain the same 
number of chromosomes differences in nuclear size must be due 
to some other factor. 

The results of my measurements do not indicate that the Kern- 
plasma-Relation of Hertwig is either a constant or self regulating 
ratio in the blastomeres of theie eggs; on the other hand it appears 
to be a result rather than a cause of the rate of cell division, and 
consequently it is a variable rather than a constant factor. 
Furthermore the size of the nucleus, in these eggs, is dependent 
upon at least three factors : (1) The initial quantity of chromatin 

(number of chromosomes) which enter into the formation of the 
nucleus (Boveri). (2) The volume of the protoplasm in which 
the nucleus lies. (3) The length of the resting period. 

77/. Cell size and nuclear size in adult tissue cells 

It is generally believed that embryonic cells differ greatly from 
adult tissue ceUs in their ‘‘Kernplasma-Relation.” In a series of 
thoughtful and suggestive works Minot (^90, ’95, ’08) has main- 
tained that differentiation, senescence and finally death are the 
accompaniments, if not the results, of an increase of protoplasm 
as compared with nucleus. It is well known that embryonic 
cells of plants are more purely protoplasmic than adult cells, 
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which are frequently filled with vacuoles and sap so that the size 
of the cell gives no true idea of the volume of the cytoplasm. 
Among animals adult tissue cells often become filled with the 
products of differentiation or metabolism, such as fibers, granules, 
secretions, oil, etc., which greatly increase the cell dimensions. 
It is evidently a difficult if not impossible task to determine the 
quantity of real protoplasm in such cells and thus to discover the 
true ^^Kernplasma-Relation.” However in certain less highly 
differentiated cells, especially in epithelial and glandular tissue, 
the true Kernplasma-Relation may be established with a fair 
degree of accuracy. 

Unquestionably the physiological state of a cell has much to . 
do with its nuclear-plasmic ratio. Hodge (^92) found the nuclei 
of nerve cells shrunken after extreme stimulation, and it has been 
long known that the same is true of gland cells. In Crepidula 
the liver cells, when active, are filled with secretion and are among 
the largest in the body, but when the secretion has been discharged 
and they have returned to an inactive^ condition, the cell, body is 
much smaller and the nucleus larger. 

I have measured the cells and ntclei of a number of tissues of 
Crepidula plana, derived from the three germ layers, and the 
results are given in table 7. Since these cells vary in shape to a 
great extent, and in order to facilitate comparison of cell diam- 
eter and nuclear diameter, cells were chosen for measurement 
which were as nearly as possible sphericaf or cubical in shape. 
In all elongated cells the long axis and one cross axis were measured 
and it was assumed that the other cross axis was of the same di- 
mensions as the one observed. 

It is evident that in these tissue cells of Crepidula plana there 
is no marked increase of protoplasm over nucleus as compared 
with the blastomeres of the same species; throughout the cleavage, 
with the exception of the cells SA~SD and the average 

Kernplasma-Relation for nuclei and cells of mean size is about 
1 : 15, for nuclei and cells of maximum size about 1:6; the aver- 
age ratio in adult tissue cells, which arc not filled with metabolic 
products, is about 1 : 10,5. In the case of the ganglion cells the 
nuclei are relatively and absolutely larger than in the other tissues, 
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TABLE 7 


Cell size flTwi nuclBcir size in tissue cells of sexualli/ motuTC i udividunls of Orcpiftulo 

plana 


TISSUE CELLS 

DIMENSIONS OK 
CELL 

DIAMETER 
OF NLTCLEUa 

VOLUME OF 

NUCLEUS 

VOt.I ME OF 
CKLL LESS 
VOl.UMF. OK 
NUCLEUS 

KEHN- 

TL.^SMA 

REL.^TION 

Intestinal epithelium 

, P 

11 X 11 X 12 

() 

cubic n 

113 

cubic fi 

1 ,339 
3,332 

1 : 11. S 

Gastric epithelium 

10 X 10 X 36 

8 

6S 

1 : 12.4 

Liver duct epithelium. , . . 

10 X 10 X IS 

6 

113 

1,628 

1 : 14.4 

I :H8.6 

Liver cells (filled with 
secretion products) 

15 X 15 X 45 

6* 

113 

10,0)2 

Liver cells (without secre- 
tion products) 

14 X 14 X 30 

9 

382 

5,498 

3,262 

i ; 14.4 

Kidney cells (containing 
secretion products) .... 

15 X 15 X 15 

6 

113 

1 : 2H.S 

Ectodermal epithelium 
(near anus) 

5 X 5 X 15 

4 

33 

342 

1 ; 10 :i 

Gill chamber epithelium. , 

6x 6x12 

1 4 

1 33 ; 

405 

1 : 12.2 

Gill filament epithelium . . 

,7x7x9 

' 4 

1 33 1 

408 

j 1 : 12.3 

Epithelium from foot 

6 X 6 X 15 

5 

65.4 

474.6 

* 1 : 7.1 

Ganglion cell (large) 

17 X 17 X 23 ; 

12 ^ 

905 -1 

1 , 5,724 

; 1 : 6.3 

Ganglion cell (large) 

1 10x10x20 

I 9 

382 

1 1,618 

1 :4.2 

Oocytes I (before yolk 
formation) 

12f 

7 

180 

836 

1 ; 4.6 

Odeytee I (before yolk for- 
mation) 

m 

7 

180 1 

791 

1:3 4 

Oocytes I (before yolk for- 
mation) 

10 

i 6 

113 

407 

1:3.6 

Oocytes I (before yolk for- 
mation) 

8 

5 

65.4 

^ 203 

1 :3.1 

Oocytes I (before yolk for- 
mation) 

61 

4 

33 

111 

1 :3,3 


^Nucleus shrunken and very irregular in shape. 


the Kernplasma-Relation being about 1:5; however in this 
case the nerve fiber is not added to the cell body and this would 
doubtless greatly increase the volume of the plasma. Muscle 
cells in Crepidula are long, slender and crooked and I have found 
it impracticable to estimate their volumes' with any degree of 
accuracy. Doubtless the plasma, including the contractile sub- 
stance, is here relatively much more abundant than in embryonic 
or epithelial cells. In the epithelial and gland cells of adult 
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Crepidula the embryonic ratio of nucleus to plasma is main- 
tained with little change. In all the oocytes up to the time that 
yolk formation begins the nuclei are relatively large, the ratio 
of nucleus to plasma being about 1 : 3.6, and in the younger and 
smaller oocytes the nuclei are relatively larger than in the older 
and larger ones. 

Eycleshymer (’04) found that the volume of the plasma in the 
striated muscle cells of Necturus increased about ten times as 
much as the nuclear volume, during development from the 8 mm. 
embryo to the adult condition. There is, therefore, in these later 
stages a notable shifting of the Kernplasma-Relation in favor of 
the plasma. It is probable however that the contractile substance 
which makes up the larger part of the muscle cell, does not con- 
tribute to the growth of the nucleus as does the protoplasm of 
embryonic cells — that so far as the growth of the nucleus is con- 
cerned it acts as does yolk, oil, membranes, fibers and other 
products of metabolism and differentiation. If only the sarco- 
plasm of the muscle cell and not its contractile substance is able 
to contribute to the growth of the nucleus, the small volume of the 
nuclei as compared with the entire cell would find a ready explan- 
ation. There can be no doubt that the plasma is the chief seat 
of differentiation, as Minot has emphasized, and that highly 
differentiated cells, such as muscle, nerve, and some kinds of 
connective tissue, have a larger amount of plasma and its products, 
relative to the nucleus, than have embryonic cells, dn the case 
of fiber cells, fat cells, and probably muscle cells, the cell body 
becomes filled with the products of differentiation and metabo- 
lism, which like the yolk in egg cells, or the secretion products in 
liver cells cannot enter the nucleus and consequently do not influ- 
ence its size. In such tissue cells the cell body is relatively much 
greater as compared with the nucleus, than in purely protoplas- 
mic cells, but I have been unable to find any evidence that the 
ratio of protoplasm (using this term in its usual sense) to the 
nucleus is greater in tissue cells of Crepidula than in the blas- 
ton^res. 
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IV, The inciting causes of cell division 

The relative sizes of cells and of nuclei are dependent, in part, 
upon the rate of cell division. Cells which divide infrequently 
are larger, other things being equal, than those which divide often. 
The turret cells {la^ld-) of Crepidula are the smallest cells in 
the entire embryo at the time of their formation (figs. 8, 4); 
however they divide but twice during the whole of the cleavage 
period, and consequently they grow to be very large; whereas each 
of the apical cells from which they were derived, gives rise during 
the cleavage period to twelve cells the combined volume of which 
is not much greater than that of one full-grown turret cell. 
Evidently the factors which bring on or delay cell-division have 
much to do, indirectly, with the sizes of cells and nuclei. 

Strasburger (^93) supposed that cell division occurred when the 
ratio of the cell body to the nucleus increased beyond a certain 
point, which might be regarded as marking the limit of the Svork- 
ing sphere of the nucleus;^ with the division of the cell the normal 
ratio was once more restored. 

Boveri (^04) sought to find the inciting cause of cell division in 
the chromosomes. He believed that the chromosomes divide 
when they have reached a size double that which they had at the 
close of the preceding division. At the same time he showed 
that the rhythm of the division of the centrosomes may be inde- 
pendent of that of the chromosomes and that division of the cell 
depends upon the centrosomal rhythm rather than upon the chro- 
mosomal rhythm. 

That there is a rhythm of division for chromosomes and centro- 
somes seems to be well established by Boveri ’s work, but this 
rhythm in the case of the chromosomes is not determined by the 
time when they have grown to double their size at the close of the 
preceding division. Marcus (’06) and Erdmann (’08) have shown 
that the chromosome size throughout the cleavage of Strongy- 
locentrotus is a constantly decreasing one. Baltzer (’08) admits 
that the chromosomes do not double in size at each cycle of divi- 
sion; he does not find any great diminution in chromosome size 
up to the 16-cell stage, though the chromosomes in the blastiila 
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stage are undoubtedly smaller than those of early cleavage stages. 
In Crepidula the chromosomal plate decreases in size in successive 
cleavages, though by no means uniformly; but at no time during 
the cleavage period do the chromosomes grow to their original 
size at the beginning of the cleavage. Boveri's view, therefore, 
finds no support in the cell-divisions of the cleavage period. 

R. Hertwig ('03, '08) finds the inciting cause of division in a 
^Kernplasma-Spannung/ due to the unequal growth of nucleus 
and plasma: 

Die Kernplasma-Rclation muss einc Vcrschiebung erfahren zuungun- 
sten des Kernes, es muss sich einc Kernplasma-Spannung entwickeln, 
welche allmahlich zunimmt, bis schJiesschlich ein Grad erreicht wird, 
den ich friiher Kernplasma-Spannung in engeren Sinne genannt habe. 
In dieser Spannung erblicko ich die Ur s ache der Teilung. Ich nehme 
an, dass, wenn ein Hdhepunkt dor Kernplasma-Spannung erreicht wird, 
der Kern die Fahigkeit gcwdnnt, auf Kosten des Protoplasma z\» wachsen, 
und das die hierbei sich vollziehenden Stoffumlagerungen zur Teilung 
der Zelle fuhren . Zum funktionellen Wachstum gesellt sich das Teilungs- 
w'achstiim des Kernes, um die Kcrnplasma-Norm wiederherzustellen/^ 

(p. 20) 

Relative Zunahme der Kernsubstanz, gleichgultig, ob diesclbe durch 
Vergrosserung des Kerns bei gleichbleibender Protoplasmamenge oder 
Verringerung des Protoplasma bei gleichbleibender Kerngrosse her- 
beigefiihrt ward, miisste eine Verlangsamung der Teilung und im ersten 
Fall eine Steigerung der Teilgrbsse zur Folge haben; umgckfehrt miisste 
relative Abnahmc der Kornmassc den Eintritt der Kemteilung be- 
schleunigen, die Teilgrbsse Iierabsetzen (p. 23). 

Hertwig holds that his own work on Infusoria, and that of 
Gerassiinoff on Spirogyra, show that an. increase of nuclear mass 
leads to a slowing of divisions and an increase of the division size 
of the cell; and that the process of the segmentation of the animal 
egg shows that a great reduction of nuclear mass leads to a high 
degree of divisional activity. He says that many external and 
internal conditions influence the Kernplasma-Relation and he 
expresses the hope that his theory may not be cast aside because 
here and there a fact may be foimd which cannot be brought under 
it, without further consideration. 

As we have seen the Kernplasma-Relation varies widely in 
certain blastpmeres of Crepidula and Fulgur. In these cases 
wide departures from the Kernplasma-Norm have not brought 
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on cell division, and if Kernplasma-Spannung is a cause of cell- 
division it must be a minor factor in this case. It seems to me 
probable from my observations an^ experiments on segmenting 
e^s, that the Kernplasma-Relation in these blastomeres is a re- 
sult rather than a cause of the rhythm of cell division, and that 
the factors which bring on cell division are to be found in some 
intrinsic condition in the nucleus or centrosome, rather than in the 
maintenance of a constant ratio of nuclear volume to cell volume. 
Support is lent to this view by the phenomena of oogenesis, for 
we have in the germinal vesicle the largest nucleus in the entire 
life cycle, following upon the longest resting period, while the 
second maturation division follows immediately upon the first, 
usually before a resting nucleus is formed. The long delay in 
the appearance of the first maturation division, as well as the 
short period intervening between the first and second maturation 
divisions, must both be attributed, as it seems to me, to intrinsic 
conditions in the cell, other than ‘Kernplasma-Spannung/ 

In the cleavage of the egg the rate of division seems to depend, 
in part, on the quantity of protoplasm present. As long as a con- 
siderable quantity of plasma is present in the blastomeres the rate 
of division is rhythmical, but when the macromeres have given off 
almost all the plasma in the formation of the three quartets of ecto- 
meres, a long resting period follows. The first of these macro- 
meres to divide, giving rise to the fourth quartet, is the one with 
the largest amount of plasma, viz., SD, while the cells SA-3C 
normally divide much later. However if, by centrifuging at the 
right stage, SC is caused to contain more plasma than usual it 
may divide at the same time as 3D, as shown in fig. 37. The cells 
in which the resting period is particularly long, contain 
very little plasma, and this appears to be absorbed by the nucleus 
almost as fast as it is formed. The micromere id is slightly 
smaller than its fellows, la-lc, and it divides later than the latter. 
The ‘turret’ cells, la--ld\ are the smallest cells in the egg, when 
they are formed, and they have the longest resting period. 

In spite of this evidence that the quantity of protoplasm has 
to do with the rate of division, there is other conflicting evidence 
which is hard to harmonise with it; thus, these same ‘turret’ cells, 
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which are at first so small and have so long a resting period, be- 
come much larger than adjoining cells before they divide. R. 
Lillie (’10) maintains that ^Hhe primary change in the initiation 
of cell division and development is an increase in the permeability 
of the plasma membrane.” It is well known that the general 
surface tension of the cell increases during mitosis, and I have 
found that the tension of the cell membrane is loc^ly reduced at 
the two poles of the cell before and during division (see Conklin, 
’02, p. 94; also this paper, p. 82). It is quite possible that this 
polar reduction in surface tension before mitosis begins may have 
something to do with initiating division. 

On the whole it seems probable that the time of cell division is 
dependent upon the coincidence of several more or less independ- 
ent factors. Boveri has shown that the division phases in nu- 
cleus and centrosome may be more or less independent of each 
other, though complete cell division depends upon the coincidence 
of the two. To these factors may, perhaps, be added the quantity 
of protoplasm, and thus indirectly the ‘ Kernplasma-Relation’ 
and perhaps also increased permeability of the cell membrane, 
and a local reduction of surface tension at the pojes of the cell. 
Gurwitsch (’08) maintains that the blastomeres are ready for 
division at all times, and that only 'Kernplasma-Koinzidenz’ 
or ‘Zustands-Koinzidenz,’ is necessary to start division. He sug- 
gests that a coincidence of polarity of nucleus and plasma may be 
necessary, and he concludes from the apparently accidental 
occurrence of divisions in different parts of an egg or embryo, that 
several independently variable factors may be concerned, the 
coincidence of which is necessary to bring on cell division. The 
latter part of this conclusion seems to me to be justified by the 
facts which I have presented, 

V, Growth of protoplasm during cleavage 

It is well known that the egg as a whole does not increase in vol- 
ume until after the cleavage period. Indeed Godlewski (’08) finds 
that there is in Echinus and in Strongylocentrotus, no change in 
the quantity of plasma at the 64-cell stage, as compared with the 
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uasegmented egg; however, in the blastula there is an actual loss, 
the total volume of plasma being about one-third less than in the 
unsegmented egg; during this period the nuclear material has 
increased in volume at the expense of the plasma. Wliether the 
plasma actually increases during cleavage at the expense of the 
yolk has not been determined, so far as I am aware, in any case. 
By means of the centrifuge it is possible to throw the yolk out 
of the* egg before cleavage and during the early cleavage stages, 
leaving the plasma which can then be readily measured. In 
later cleavage stages I have not been able to throw the yolk out 
of the small blastomeres by means of the centrifuge; but on the 
other hand the protoplasm and yolk arc normally segregated in 
these stages so that it is possible to determine the approximate 
dimensions of both without having recourse to the centrifuge. 
The following table gives the total maximum volumes of all the 
nuclei, protoplasm and yolk in the eggs of Crepidula plana at 
various cleavage stages. Following Popoff (^08), I have deter- 
mined the coefficients of growth of the nucleus and of the pro- 
toplasm for each stage; these coefficients are obtained by dividing 
the volume of a later stage by that of an earlier one, and they 
represent the growth in ^times,^ or multiples of the initial quantity. 
In the first half of each column of coeffiGients the earlier stage is 
the one before maturation, while in the second half of each column 
it is the one before the first cleavage. The coefficient of growth of 


TABLE 8 

Total maximum volumes of nuclei, and yolk in the eggs and cleavage 

stages of Crepidula plana 


STAGE 

VOLUME OF 
NUCLEI 

VOLUME OF 
PROTOPLASM 

VOLUME OF 

YOLK 

TOTAL 
VOLUME OF 
EGG 

COEFFICI- 
ENTS OF 

NUCLEAR 

GROWTH 

^ COEFFICIENTS 

: PROTOPLASMC 
GROWTH 

TOTAL 

KERN- 

PLASM.A- 

UKLATION 


cvhic fi 

cubic fJL 

cubic (i 

cubic p, 






Before ma- 










turation . , 

32,409 

97,131 

1,625,460 

1,755,000 

1.0 


: 1.0 


1 :3 

Before first 










clOAVBjre. , 

21,375 

i 121,430 

, 1.346,105 

1,488,910 

0.65 

l.O 

i 1,25 

1.0 

1 : 5.6 

2 cells 

14,476 

123,482 

i 1.100,700 

1,238,658 

0,45 

0.67 

' 1.27 

1.02 

1 : 8.5 

4 cells 

1 23,100 

154,280 

969,468 

j 1,146,848 

0,71 

1.08 

1.58 

1.27 

1 ; 0,6 

8 cells 

1 25,144 

164,136 

1 972,320 

1,161,600 

0,77 

1.17 

1.68 

1.35 

1 ; 6,5 

16 celis 

i 23,628 

233,608 ' 

i 980,156 

: 1,237,392 

0.72 ; 

I.IO 

2.45 

: 1,92 

1 :9,8 

24 oeUs 

{ 30,164 

' 258,897 i 

1 890,727 

1,179,788 

0.92 ■ 

1.41 

2. 66 

■ 2 13 

1 :8.6 


1 

! (231,000) 

! 

(1,151.891) . 



(2.35) 

(1.90) 

(I : 7.7) 
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any stage, less the coefficient of the initial stage, viz. unity, gives 
the percentage of growth of that stage, as compared with the ini- 
tial stage. 

Since the ectoderm at the 24-cell stage is a plate of purely 
protoplasmic cells, nearly square, about SOju on each side and 36/* 
thick its volume is about 230,400 cubic /*; subtracting the volumes 
of the nuclei of the plate, 21,584 cubic /*, leaves 208,816 cubic /* 
as the volume of the cytoplasm^ of the ectodermal plate. Adding 
to this the volume of the protoplasm in the macromeres 3A~3Df 
viz. 22,185 cubic /i, we have as the total volume of the proto- 
plasm at the 24-cell stage 231,000 cubic /*. This figure is 27,897 
cubic fi less than the volume of. protoplasm at the 24-cell stage 
given in the table, which was calculated from the dimensions of 
each individual cell, rather than from those of the entire ecto- 
dermal plate. It is highly probable that the lower figure is nearer 
correct than the higher one, since minor errors in the measure- 
ments of individual cells are greatly magnified in determining 
the total volumes of these cells. The same remark applies to the 
total volume of protoplasm in the 16-cell stage, which is probably 
actually less than the volume given in the table; and if the total 
volume of the protoplasm is less than the amount given in the 
table the total volume of the yolk in these stages is of course 
increased correspondingly. 

But assuming that the smaller number (in brackets) represents 
the actual volume of the protoplasm in the 24-cell stage of Crepi- 
dula plana we must admit that there has been a great growth in 
the plasma at the expense of the yolk during the cleavage. The 
coefficient of protoplasmic growth (i.e., the volume of protoplasm 
of any stage divided by the volume of protoplasm of the stage 
just before maturation) is given in the next to the last column of 
the table; and a glance at this shows that the protoplasm at the 
24-cell stage is at least times as voluminous as in the maturation 
stage, while the yolk is correspondingly less voluminous. Th^ 
volume of the entire egg, also, is considerably less in the 24-cell 
stage than at the beginning of development. Indeed there has 
been a gradual decrease in the volume of the entire egg during 

‘Thb words ‘cytoplasm’ and ‘protoplasm’ are used synonomously throughout 
this paper 
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the early cleavages. These results show a general agreement 
with those of Godlewski. 

The growth of plasma at the expense of yolk during the matur- 
ation and the cleavage period, was shown to occur in my studies 
of the effects of centrifugal force' on the eggs of Lymnaea and 
Physa (Conklin, '10). In the living eggs of these animals the 
substances may be stratified by centrifugal force into a gray 
(light)‘Zone, a clear (middle) zone and a yellow (heavy) zone; the 
gray and clear zones constitute what I have , here regarded as proto- 
plasm, while the yellow zone is in large part composed of yolk. 

Before the first maturation the yellow substance comploses at 
least one-half of the entire egg; just before the first cleavage it 
composes only about one-eighth of the egg. The clear and gray 
substances, which together constitute about one-half of the egg 
in the earlier period, form seven-eighths of the egg in the later 
period/' (p. 436). 

In the normal eggs of Lynmaea and Physa, which have not been 
centrifuged, the clear and yellow substances are easily recog- 
nizable, and the stages in the transformation 6f the latter into 
the former have been studied in the paper mentioned, from which 
the following summary is quoted: 

In the course of development, from the maturation of the egg to the 
gastrulation, the relative quantities of clear (plasma) and yellow sub- 
stance (yolk) -are reversed. At the beginning the clear substance is 
small in quantity, and is chiefly visible in the germinal vesicle (though 
experiments show that some of it is distributed through the yellow sub- 
stance) and at this stage the entire cell body is yellow in color. With 
the establishment of the germinal layers the yellow substance is limited 
to the few cells constituting the endoderra and mesoderm, while all the 
rest of the embryo, by far the larger part, is composed of clear substance. 
This change in the relative quantities of these two substances is due in 
part to their separation and segregation during the course of develop- 
ment, but in much greater part to the transformation of yellow sub- 
stance (yolk) into the clear (plasma). It is a phenomenon of general 
occurrence among many animals that the clear protoplasm of the egg 
is very small in quantity before the dissolution of the germinal vesicle 
and that it gradually increases in quantity after that stage. This is 
doubtless due in large part to the dissolving of yolk and its conversion 
into clear protoplasm, and it is a significant fact that this process takes 
place most rapidly after the breaking down of the wall of the germinal 
vesicle and the escape of a large part of the nuclear contents into the 
cell body (p. 423), 
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There are no eggs wholly without yolk and probably in all of 
them plasma is formed at the expense of yolk during the cleavage 
period. This probability is of great significance, for all studies 
which have had to do with the relative quantities of protoplasmic 
and nuclear materials during these early stages of development 
have dealt only with the entire cell contents without attempting 
to determine what part of this is plasma. In many cases, the 
great disproportion between cell volume and nuclear volume at 
the beginning of developcmnt is due to the fact that a large part 
of the cell volume is made up of yolk; if the volume of the plasma 
only is compared with that of the nucleus it is found that the 
relative quantity of plasma is actually less at the beginning of 
development, than in the later cleavages, with the single excep- 
tion of those blastomeres which have unusually long resting 
periods. In Crepidula there is no excess of plasma over nuclear 
material in the early stages, in comparison with the later ones, 
as Minot and others have assumed, and the process of cleavage 
is not in this case a method of restoring the Kernplasma-Norm, 
or of rejuvenating senile cells, by an enormous increase of nuclear 
material as compared with the plasma. As a matter of fact 
the plasma increases almost as rapidly as the nuclear material 
during the cleavage of this egg, and even adult tissue cells have 
a Kernplasma-Relation but little different from that of the 
blastomeres, (see p. 25). 

VI. Rate of nuclear growth during cleavage 

It is well known that during cleavage there is usually no in- 
crease in the volume of the egg, but it is generally held that the 
increase in the nuclear substance is very great. In his book 
on '^Age, Growth and Death” Minot ('08) says: ^^The nuclei 
multiply (in cleavage) ; they multiply at the expense of the pro- 
toplasm. They take food from the material which is stored up 
in the ovum, nourish themselves by it, grow and multiply until 
they become the dominant part in the structure” (p. 166). He 
suggests that this nuclear increase during cleavage is a process of 
rejuvenation, though he admits that the relative increase of nu- 
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clear material as compared with protoplasmic may be prolonged 
beyond the period of segmentation (p. 167). But although he 
emphasizes the growth of the nuclear material as a whole during 
the cleavage, he specifically recognizes the fact that there is a 
rapid reduction in the size of individual nuclei in the early stages 
(pp. 174j 179). Hertwig (^03) also has emphasized this great 
growth of the nuclear material during the early stages of develop- 
ment. He says (p. 116): 

There is an enormous disproportion of nucleus and protoplasm at the 
beginning of cleavage, and this disproportion is gradually equalized by 
the transformation of cell substance into nuclear substance. The man- 
ner of this may be imagined by supposing that resting protoplasm con- 
tains chromatin and achromatic material and that at every coll division 
it is analysed into these constituents serving for the growth of the 
nucleus. 

Loeb (’09) also has called attention to the doubling of nuclei 
at each division, with the consequent increase of nuclear material 
in a geometric ratio, and the resemblance which this bears to 
autokatalytic reactions. 

The great increase in the nuclear substances during cleavage 
has been commented upon by many writers, and the references 
cited have been chosen rather because of the theories which have 
been based upon this phenomenon than because they represent 
an unusual opinion as to the phenomenon itself. At the time 
when the following computations of the rate of nuclear growth 
during cleavage were made, I was unaware that anyone had made 
computations of a similar sort. Since my material afforded an 
unusually .good opportunity for making such computations, I 
carefully measured the diameters of the germinal vesicle, of the 
egg and sperm nuclei, of all the nuclei up to the 24-cell stage, of 
those of the 42-cell stage, and of the 70-ccll stage, — every nucleus 
being measured at its maximum size, so far as possible, — with the 
results given in the following tables, These results have been 
as surprising to me as they are likely to be to any of my readers. 

After this work was completed I became acquainted with the 
work of Godlewski (’08) and Frl. Erdmann (’08) on the sizes of 
nuclei and of individual chromosomes of the blastomeres of 
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Echinus and Strongylocentrotus. Godlewsky found that from 
the 1-cell to the 64-cell stage the nuclear substance grows nearly 
in geometric ratio; from the 64-cell stage to the blastula, with 
about 1256 cells, there is little increase in the nuclear substance, 
but since he supposes that the number and size of the chromo- 
somes in the later stages remain the same as in the earlier ones, 
the nuclei must become richer in chromatin in the later stages. 
He finds that the volume of the plasma in the blastula stage is 
about one-third less than in the unsegmented egg and he con- 
siders that a large part of this lost plasma has been converted into 
chromatin. Erdmann (^08) has made a careful computation of 
the volume of the resting nuclei and of individual chromosomes 
in the early cleavage stages, and in the blastula and gastrula of 
Strongylocentrotus. She finds that the chromosomes of the 
pluteus period have only about one-fortieth the volume of those 
of the first spindle, but though the individual chromosomes grow 
smaller continually, the total nuclear volume increases ai the 
expense of the plasma up to the late blastula stage. 

L Nuclear growth during the cleavage of the egg of Crepidula, 
The maximum, minimum and mean volumes of the nuclei at 
different stages of the cleavage of Crepidula plana are given in 
tables 3. to 5 and the coefficients of growth of all the nuclei are 
given in table 8. It remains only to summarize the facts there 
presented and to give the nuclear volumes and the rate of growth 
in certain later stages of the cleavage. This has been done in 
table 9, where the maximum, miminum and mean nuclear vol- 
umes of every nucleus from the 2-cell to the 32-cell stage is given, 
together with the coefficient of growth for each stage. ‘Since this 
table starts with the 2-cell stage the coefficients of growth are 
different from those given ifi table 8, where subsequent stages are 
compared with the germinal vesicle or with the germ nuclei. 
For the purpose of determining the usual rate of giwth for each 
cycle of cell division during the cleavage it is desirable to start 
with the 2-cell stage. The germinal vesicle is an extraordinarily 
large nucleus, and since two nuclei are present in the egg before 
the first cleavage the nuclear condition at this stage is unusual; 
on this account the rate of nuclear growth during cleavage is 
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TABLE 9 


Rate of nuclear growth during the. cleavage of Crepidula plana 


STAGS 

BLASTOUEB£B 

i 

MAXr^lUM i 

NUCLEAR 

VOLUMES 

■COEFFICIENT. 
OF 1 

GROWTH i 

MEAN 
NUCLEAR 1 
VOLUMES 

X)EmClENT 
OF ’ 

GROWTH 

MINIMUM ' 
NUCLEAR 1 
VOLUMES 1 

^OEFFinENT 

or 

GROWTH 



cuWc p 


cubic p 


cubic p 


3 cells AB, CD 

14,476 

I.O 

6,110 

1.0 

381 

10 

4 cells A, B, C, D 

23,100 

1,6 * 

8,680 

1.4 

602.4 

1.58 

„ ,, flA-lD 

19,396 


7,068 


338,4 




5,748 


3 620 


338.4 




25,144 

1.73 

10.638 

1.74 

676,8 

1,77 


2A-2D 

12,220 


7,068 


338.4 



2a-2d 

7,068 


3.620 


338.4 


16 oells \ 

laMdi 

3,620 


1,528 


235,2 



laMd* 

720 


452 


235.2 




■23,628 

1.63 

12,668 

2.07 

1147.2 

3 01 


3A-3D 

8,580 


5,748 


150.0 



3a-3d 

5,748 


3,620 


150,0 



2ai-2di 

5,748 


3,620 


150.0 


34 cells 

2a*-2d* 

5,748 


3,620 


150 0 



laMd^ 

3,620 


1,528 


235.2 



laMd* 

720 


452 


235.2 

1 2.80 



30,164 

2.08 

18,588 

3.04 

1070 .'4 



r4A-4D 

12,220* 


7,068 


171.3 



4d 

697 


382 


58.8 



4a-4c 

2,715 


1,146 


112.5 



3a-3d 

5,748 


3,630 


1,50.0 



2ai-2d» 

5,748 


3.620 


150.0 



2a2-2d» 

5,748 


3,620 


150.0 



lai.i-ldU 

3,620 


452 


150.0 



laJ^.Md*.* 

2,095 


3.620 


150,0 



la*-ld* 

720 


452 


236.2 




39,311 

2.71 

23,980 

3.92 

1327.8 

3.43 

Total growlU In thirty dlvi- 









24,835 

2.715 

17,870 

3.92 

946.8 

3 48 

Average growth for each divl 




1 

1 



Sinn . . 


. 827.8 

l.05(.5% 

) 595.6 

1 l.09(«9%: 

) 31.5 

1.08(=>8%5 


* This volume is reached only at a much later stage, shortly before the closure 
of the blastopore (fig. 6). 

During this same period from the 2-cell to the 32-cell stage the coefficient of 
growth of maximum nuclear surfaces is 4.28, or an average increase of about 11 
per cent for each division. 
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best determined by comparing subsequent stages with the 2-cell 
stage. Furthermore the nuclear volume in the 2-celI stage is 
less than at any other stage, and it consequently forms a good 
starting point for the study of nuclear growth. 

FmlJy, the volume ol all the nuclei in the 7(hceU stage^ without 
attempting to determine the maximum volume of each nudeuSf 
is shown in table 10, 

At the 70-cell stage the ectomeres are already closing over the 
yolk on the oral hemisphere, and it may be assumed that the 
cleavage will show no new tendencies as to the growth of nuclear 
substance until the embryo as a whole begins to grow. 

Whether nuclei are measured at either their maximum size, 
their minimum size or at a size intermediate between these two 
extremes, the rate of growth during cleavage is found to fall far 
short of a doubling or increase of 100 per cent at each division. 
The average nuclear growth during early cleavage is not more 
than 5 to 9 per cent for each division, and in the later cleavage it 
falls as low as 1 per cent for each division. A growth of nuclear 
substance at this rate scarcely deserves to be designated as ‘phe- 
nomenar or ^colossal.’ On the other hand, the protoplasm which 
is generally supposed to remain fixed in quantity during cleavage, 
increases at a more rapid rate than the nuclei, from the 1-cell 
to the 24-cell stages, as shown in table 8. In view of the facts 
here presented, even though it be for only a single species, the 
generally accepted conclusion as to the great increase of nuclear 
substance during cleavage, as contrasted with the lack of growth 
of the protoplasm, evidently needs revision, as do also the theories 
which have been founded upon this supposed fact. 

Nuclear growth during the cleavage of the egg of Fulgur, 
While my results are based largely upon the study of (yrepidula 
plana they are not limited entirely to this species. The fol- 
lowing measurements of the nuclei of Fulgur carica are prob- 
ably not very accurate since they had to be made under a rela- 
tively low power objective (8 mm. apochromat) and since the 
material at my command did not permit the study of a large num- 
ber of eggs, and the selection of nuclei at maximum size. ^ Never- 
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TABLE 10 

Actual nuclear diameters and volumes in the 70-cell stage of Crepidula plana 



11 Entomcrcs 


4'Mesoineres 


r4A^D.., 
1 4a^c. . . . 

|es 

[e\ 


fMS AP 


First quartet 

4 Apicals, la^'^-ld^ ’ 

3 Basals, * 

1 Basal, ld^-2 

3Middles,la'-2-2-lci-2 2., .. 

4 Turrets, laMd^ 

' Second quartet 

.. 3 Tip cells, 

S 1 Tip cell. 2d^-i 

g < 4 Girdle cells, 2ai-2-^ 2d^ “ \ 

® 4GiTdlecells,2a''2-^2di 2 2, 

H 4 Girdle cells, 2a- * •^2d2-^ *, 
}g 4 Girdle cells, 2a--*-2-2d^ *-2. 

4 Girdle cells, 2a“'2-2d^‘^ 

Third quartet 

4 Girdle cells, 3a* ^-Bd* * 

4 Girdle cells, 3a*-2-3d*-2 ... 
4 Girdle cells, Sa^ •*-3d2 •*.. . 


[4 Girdle cells, 3a^ “-3d2-^. 


70 cells. Total nuclear volume. 


l(i 

S.579 

10 

1,571 

7 

359 

0 

22() 

10 

1,017 

9 

703 

10 

2.094 

9 

1,145 

12 

905 

12 

2,714 

7 

i 718 

0 

339 

10 

524 

9 

1,527 

10 

2,094 

9 

1,527 

9 

1,527 

5 

262 

10 

2,094 

9 

1,527 

() 

452 

() 

452 


32,140 


The total volume of these 70 nuclei is almost exactly the same as the volume 
of the germinal vesicle, about oO per cent more than the volume of the germ nu- 
clei, and 35 per cent more than the mean nuclear volume of the 32-cell stage, wilii 
which mean volume, rather than with the maximum, this actual volume of the 
nuclei of the 70-celI stage should be compared. In the 3S nuclear divisions lead- 
ing from the 32-cell stage to the 70-cell stage the nuclear material has increased 
at an average rate of less than 1 per cent for each division. 
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TABLE n 

Diameter fi and volume.^ of ike nuclei ^ 2~cell to 16-cell stages of Fulgur carica 




DIAMBTEB OF 

TOTAL YOLtrMB OF 

COEFFICIENT OF 


’ 

NUCLEUS 

NUCLEI 

NfCLEAB OBOWTH 



M 

CU&ic fl 


2 cells, AB,CD 

40 

67,020 

1.0 

4 cells, 



32 

68,628 

1.02 

8 cells t 

TA-ID 

1 32 . 

68,628 




16 

’8,576 




\ 

77,204 

1.15 


^2A-2D 

32 

68,628 


12 cells 

2a-2d 

16 

8,576 



,la-ld 

16 

8,576 





85,780 

1.28 


f3A~3D ' 

-i 32 

68,628 


16 cells < 

1 3a-3d 

16 

8,576 


12a-2d 

16 

8,576 

1 


[la-ld 

16 

8,576 





94,356 

1 1.40 


theless they indicate the general rate of nuclear growth in this 
prosobranch. 

In fourteen nuclear divisions there has been an increase in 
neuclear substance of 40 per cent, or an average increase for each 
division of 2.8 per cent. The rate of nuclear growth is practically 
the same in tlie other species of Crepidula as in C. plana; and 
in all prosobranchs the nuclear material increases but slightly 
during the cleavage period. 

3, Nuclear growth during the cleavage of other animals. From 
a casual examination of the segmenting eggs of nematodes, echim 
oderms, amphioxus and ascidians, as well as from a study of the 
figures of various authors, it is evident that the nuclear growth 
in these forms is greater during the early cleavages than in the 
gastropods. In all of these forms the germinal vesicle is relatively 
much larger and the egg and sperm nuclei much smaller than in 
the gastropods, while the decrease in nuclear size in the early 
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cleavages is not so marked as in the gastropods, though of neces- 
sity the nuclei must grow smaller in all animals as cleavage 
progresses. 

In the ascidian, Styela (Cynthia) partita, the maximum 
nuclear diameters and volumes in the different cell generations 
are shown in table 12: 

TABLE 12 


Maximum nuclear diameters and volumes in Siyela (Cj/nlhia) partita 

i I COEFFIClK>rr8 OP GROWTH 


STAQB 


Before first ma-| 

turation | 

Before first j 

cleavage. .j 

2 cells i 

4 cells 

8 cells 

16 cells 

32 cells 

64 cells 

128 cells 

256 cel Is 


AVBRARE DIAMETER 
NUCLEUS 

TOTAL VOLUME 

OF NUCLEI 

Xuck'ur vuIuiriD 







54 

82,448 

10 



■ 9i2+crr2 ^ 

1,809 

0.02 

1.0 


16;^ 

4,289 

0.05 

2.37 

1,0 

1 * 14 

5,748 

0.06 

3.17 

1.34 

13 

9,203 

0.11 

5 08 

2,14 

; 11 

11,173 

0.13 

6,17 ; 

2,60 

1 10 

16,755 

0,20 

9.26 

3.90 

! 8 

17,152 

0.20 

9.48 

4.00 

6.5 

18,400 

0.22 

10.17 

4.29 

i 5.25 

19,395 

0.23 

10.72 

4 52 


Nudftar 

aurfiico3 


1,0 


13.75 


The nuclei of different blastomeres of the same generation 
vary considerably in size, and I have not attempted to measure 
each individually, as in the case of Crepidula, nevertheless the 
measurements given represent approximately the average nuclear 
diameters for each generation of blastomeres. When the cells 
become very numerous a very slight error in the measuremept 
makes a big difference in the results, and the total nuclear volume 
in the later stages may not be very accurate. Nevertheless the 
table does give a true idea of the order of magnitude of the nuclei 
in the different generations. 

In comparing this table with those for Crepidula it will be seen 
at once that the germinal vesicle is relatively larger, the germ 
nuclei smaller and the growth of the nuclear material in the 
early stages greater in Styela than in Crepidula. The volume of 
the egg and sperm nuclei represents a loss of 98 per cent as com- 
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pared with that of the germinal vesicle; and even in the 256“Cell 
stage the volume of all the nuclei is 77 per cent less than that of 
the germinal vesicle. Comparing the nuclear volumes of subse- 
quent stages with that of the germ nuclei, we find that up to the 
32-cell stage there is an increase of 826 per cent, or an average 
for the first 31 nuclear divisions of 26 per cent for each division; 
from the 32-cell stage to the 256-cell stage there is an increase of 
146 per cent, or an average increase of 0.6 per cent for each divi- 
sion. Since the germinal vesicle is unusually large and the germ 
nuclei unusually small, a better idea of the rate of nuclear growth 
in the egg will be obtained .by comparing the nuclear volumes of 
later stages with that of the two cell stage, as was done in the case ^ 
of Crepidula. Such a comparison is given in the last column of 
Coefficients in table 13. From this it appears that the nuclear 
growth from the 2-cell stage to the 32-cell stage is 290 per cent 
or an average increase for each of 30 divisions of 9.6 per cent; 
from the 32-cell stage to the 256-cell stage the nuclear volume in- 
creases 62 per cent, or an average increase for 224 divisions of 
0.27 per cent for each division. 

In the cleavage of the eggs of amphioxus and of echinoderms 
the rate of nuclear growth is essentially similar to that of the 
ascidians. Here also the germinal vesicle is very large and the 
total volume of the nuclei at the close of cleava'ge is much less 
than the volume of the germinal vesicle, though decidedly greater 
than the volume of the germ nuclei at the beginning of cleavage. 
In all of these cases the nuclei in the early cleavages contain little 
chromatin and much achromatin; while they are more densely 
chromatic in the later stages, showing that the chromatin has 
increased in quantity relatively more than the achromatin. This 
is probably due to the fact that the chromosomes take up less 
cytoplasmic substance in the smaller cells than in the larger ones, 
the amount of achromatin in the nucleus depending in large part 
upon the quantity of cytoplasm in the cell. 

4 . Growth of different nuclear C 07 isiituenis. a. Nuclear sap. 
All of the substances within a nucleus do not increase at the same 
rate. The most abundant constituent of a fully formed nucleus 
is nuclear sap, and this is scarcely present at all in the earliest 
stages of tl^e nuclear cycle. During, each resting period the nu- 
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clear sap increases in amount from zero until it forms the principal 
bulk of the nucleus, and when mitosis comes on it passes into the 
cell body, and as a constituent of the nucleus sinks again to zero. 
The substance which forms the nuclear sap is absorbed by the 
nucleus from the cell body throughout the whole of the resting 
period, only to be thrown out into the cell body again at the end 
of that period. Consequently the nuclear sap is no more a nuclear 
constituent than a protoplasmic one, belonging to both nucleus 
and protoplasm.^ Studies on the growth of nuclear material 
should therefore be confined to the growth of the chromatin, but 
the difficulty of measuring the amount of chromatin at different 
stages will be appreciated without further comment. Also the 
fact that so large a part of the nuclear material belongs also to 
the protoplasm should be taken into account in experiments 
dealing with the isolation of nuclei from protoplasm; evidently 
the only satisfactory way in which such isolation can be accom- 
plished is by isolating chromosomes, rather than resting nuclei. 

There is good reason for believing that the nuclear sap contrib- 
utes to the nourishment and growth of tlie chromatin and linin, 
and that it in turn receives substances from these, so that the 
materials which pass into the cell body when the nuclear mem- 
brane dissolves, are not wholly the same as those which were 
taken up by the nucleus from the cell body. I have elsewhere 
(^02) called attention to the fact that the escaping nuclear sap 
stains more deeply than the cell protoplasm and may therefore 
be called ^chromatic sap.^ 

As to the mechanism of this intake of protoplasmic substance 
into thn nucleus there is every visible evidence that it is of the 
nature of osmosis. The nucleus becomes spherical in shape* un- 
less subjected to outside pressure, or to the action of substances 
which cause plasmolysis. The nuclear membrane remains entire 
and distinct until the last phase of nuclear growth, immediately 
preceding mitosis, when the nucleus swells very rapidly and the 
nuclear membrane becomes thin and then disappears. 

The measurements given in the preceding section show that 
the total quantity of the more fluid part of the nucleus, the nuclear 

*Wataae (1893) says,- ‘'The structure known as the nucleus contains a great 
deal of cytoplasmic substance.” 
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sap/ does not increase in quantity during the cleavage of the egg; 
we have seen that the total volume of all the nuclei of Crepidula 
at the 70-cell stage is about equal to that of the germinal vesicle, 
while in Styela the volume of all the nuclei at the 256-cell stage 
is 77 per cent less than the volume of the germinal vesicle. The 
conclusion is justified, therefore, that the more fluid constituent 
of the nucleus decreases greatly in volume during the early 
cleavage stages, and that the nuclei therefore become denser 
during this period. 

b. Linin. Just as the nuclear sap is proportional in volume to 
the vofume of the nucleus as a whole, so also it is evident that the 
linin is more abundant in large nuclei than in small ones. Evi- 
dently it is not possible to determine the volume of linin in a 
resting nucleus, but since the spindle fibers are composed largely 
of linin it is possible by measuring the size of spindles to determine, 
at least in a general way, the relative quantities of linin in different 
nuclei. In the following table the length of the spindle from 


TABLE 13 

Length of spindle in the maturation and cleavage of Crepidula plana 


STAGE 1 

LENGTH OF SPINDLE 

DIAMETEB OF PBECEDINO 
NUCLEUS 

i 

fi 


First maturation ; 

42 

42 

Second maturation 

18 

— 


30 

34.5 

Second cleavage, AB, CD i 

30 

24 

Third cleavage, A, B, C, D • 

27 

i ‘22 

‘Fourth cleavage, lA-lD 

25 

I 21 

Fourth cleavage la- Id 

21 

i 12 

Fifth cleavage 2A-2D 

24 

18 

Fifth* cleavage 2a 2d 

21 

15 


centrosome to centrosome is given for successive cleavages of 
C. plana, the measurements being made in each case in the stage 
of the metaphase. The' diameter of the nucleus is also given for 
comparison with the spindle length (table 13). 

In general the diameter of the spindle at its equator is, in the 
prophase aq,d metaphase, about the same as the diameter of the 
nucleus from which it came. Spindles in the protoplasmic ecto- 
meres are Relatively larger than the size of the nucleus would lead 
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one to expect and this probably is due to the fact, which I (^05) 
have established in the ascidians, that the polar parts of the spindle 
are not derived from the nucleus but from the protoplasm. With 
this proviso, it is true that, within the same specij?s, large nuclei 
give rise to larger spindles than do small ones and this may be 
held to indicate that the linin is more abundant in the former than 
in the latter. 

The fact that the spindle fibers of ascidians arc composed of 
equatorial and polar parts, the former derived from the nucleus 
and the latter from the protoplasm, and the fact that these two 
portions of the spindle, and also the polar fibers, are fundamentally 
alike, indicates that the linin, like the nuclear sap, is a constit- 
uent which belongs both to the nucleus and to the protoplasm. 

c. Chromatin.- The amount of chromatin undoubtedly in- 
creases during the cleavage; the resting nuclei in the later stages 
being more densely chromatic than those of the earlier stages. 
In each cell the chromatin is smallest in quantity when the daugh- 
ter chromosomes are first separated, and it gro\vs in quantity 
during the resting period. Not all of the chromatin of the resting 
stage goes into the formation of the chromosomes of the next 
mitosis, but some of it in the form of granules (oxychromatin) 
or chromatic sap escapes into the cell body on the dissolution of 
the nuclear membrane. The larger the nucleus is and the longer 
the resting period through which it has come, the greater the 
quantity of chromatin which thus escapes at mitosis. Gardiner 
(’98) estimated that the amount of chromatin which thus escaped 
into the cell body at the first maturation division of Polychaerus 
was five hundred times as great as that which went to form 
chromosomes, and conditions are similar in Styela, Crepidula, 
and many other forms. Consequently the volume of the chromo- 
somes in successive stages cannot be used as a measure of the 
growth of the cllromatin. Nevertheless the growth of the chro- 
mosomal mass, as well as the growth of the entire nuclear volume, 
will give some idea as to the growth of the chromatin during cleav- 
age. Table 9, giving as it does the volumes of the nuclei and 
chromosomal plates at various stages, furnishes data upon which 
an opinion as to the growth of the chromatin of the resting stages 
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may be based. From the 2-cell to the 32-cell stages the growth 
in volume of the resting nuclei lies between 171 per cent for 
maximum nuclear size, and 292 per cent for mean nuclear size 
while the growth of the chromosomal plates is 248 per cent. It 
seems very probable therefore that the growth of the chromatin 
during these stages lies somewhere between 171 per cent and 292 
per cent, or an average increase for each of the 30 divisions rep- 
resented of from 5.7 per cent to 9.7 per cent. In all cases the 
growth of the chromatin falls far short of 100 per cent, or a doub- 
ling, in each division cycle. In Strongylocentrotus, Erdmann 
(^08) finds that the ratio of chromatin to plasma is seven times 
greater in the pluteus than at the beginning of development, and 
she points out that this means that plasma contributes to the 
growth of the chromatin. 

While the chromatin as such is peculiar to the nucleus, there 
can be no doubt that large quantities of chromatin escape into 
the protoplasm. Such chromatin usually loses its distinctive 
staining reaction and presumably suffers chemical change. On 
the other hand we know that chromatin grows at the expense of 
substances received from the protoplasm. The work of Masing 
(’10) on the nucleinic acid content of the egg indicates that this 
important constituent of chromatin is about as abundant in 
early stages as in later ones; he supposes that’it exists in the pro- 
toplasm. 

d. Chromosomes. WTiat is true of the quantitative relations 
of the chromatin as a whole is true also of the individual chromo- 
somes; those formed from large nuclei are larger than those from 
small ones; the chromosomes do not double in volume in each 
successive cleavage, but they become individually smaller as 
cleavage progresses. These facts are not difficult to demonstrate, 
but they are difficult to express in any numerical proportion, owing 
to the irregular shape and small size of the chromosomes, which 
make it very difficult to determine their volume. 

In Crepidula the chromosomes are very small and numerous, 
the full number being probably GO, and they are usually crowded 
together so that it is difficult to photograph them, or even to 
draw their outlines accurately, and since they are so small it is 
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not ijracticable to measure them directly with the 1/1 micrometer 
eyepiece. Nevertheless by selecting sections in which only a 
part of the chromosomes are shown I have been able to sketch 
the outlines of many of them with what I believe to be substan- 
tial accuracy. For the purpose of comparing the sizes of chromo- 
somes from different cleavages I have chosen two genei’ations of 
blastomeres in which the difference in the size of the nuclei is at 
a maximum, the nucleus in one cell being about twice the di- 
anjeter of that in the other; these blastomeres are the inacronieres 
AB and CD, and the micromeres la-ld (figs. 7 and 8). In the 
former the diameter of the nucleus just before division is about 
24/1, in the latter about 14ju. WTien the nuclei of the cells in 
question had begun to divide and the mitotic figures were in the 
equatorial plate stage, the chromosomes from a number of these 
spindles were drawn as accurately as possible with a camera 
lucida. In order to be certain that the stage of division was the 
same in each case only longitudinal sections through the spindle 
were chosen; and in order to avoid as far as possible individual 
differences in the sizes of chromosomes, only the largest and most 
isolated chromosomes were drawn. Fig. 0 shows chromosomes 
from four different spindles of the second cleavage; fig 10 shows 
chromosomes from the first division of the first quartet cells 
(I a-jfd), also from four different spindles. In all cases the chro- 
mosomes are* magnified 2000 diameters. 

It is plain from these figures that the chromosomes from the 
larger nuclei are larger than those from the smaller ones, though 
the difference in the diameters and volumes of the chromosomes 
are not as great as the difference in the volumes of the nuclei 
from which they came. The average volume of the chromosomes 
from the large nuclei is about 5.2 cubic // and of those from the 
small nuclei about 2.6 cubic fi. While the volumes of the nuclei 
as a whole are to each other about as 5 : 1, the volumes of their 
individual chromosomes are to each other as 2 : 1. In the case of 
nuclei which differ but slightly in volume it is not possible to be 
certain that the chromosomes differ in size, but in all cases in 
‘which the differences in the size of nuclei is considerable it can 
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be seen that the larger nuclei give rise to larger chromosomes than 
do the smaller ones. 

Since the probable error is much greater in the measurement of 
individual chromosomes than of whole chromosomal plates, I 
have not attempted to measure individual chromosomes in eac^ 
stage of the cleavage; on the other hand the dimensions of the 
chromosomal plates are given in table 4 for each cell up to the 
32-cell stage. These measurements show that from the 2-cell 
to the 32-cell stage the chromosomal mass increases in volume 
248 per cent or an average of 8 per cent for each of 30 divisions. 
The chromosomal plates, and consequently the individual chro- 
mosomes, grow smaller as cleavage advances, but in the same gen- 
eration of cells small nuclei have smaller chromosomes than large 
ones. In short, the size of the chromosome is dependent upon 
the size of the nucleus from which it comes, rather than upon the 
cell generation to which it belongs. 

In the main these observations are in harmony with those of 
Erdmann, and Baltzer, to which reference has already been made. 
In Crepidula, as in the echinids studied by the authors named, the 
individual chromosomes grow smaller as the cleavage advances, 
but this is causally related to the decrease in the size of the nuclei 
and of the cells, and where, in later cleavage stages, the nuclei 
and cells remain large, there the chromosomes also are larger than 
in smaller sister cells. Just as the size of the nucleus is con- 
nected with the volume of the cytoplasm in which it lies, so the 
size of the cliromosomes is connected with the volume of the 
nucleus from which they come. 

Montgomery (TO) has found that the sperm cells of Euschistus 
are of two sizes and he concludes (p. 127), that ‘Tt is probable that 
the large sperm possess no more chromatin than the small, 
though the heads in the former are much larger. The dimegaly 
expresses itself accordingly in differences of amount of karyolymph 
and of the substance (linin) that composes the mantle fibers, but 
much more markedly in the amount of cytoplasm.^^ He finds 
also that the mitochondria (idiozome) increase directly with the 
amount of cytoplasm. According to my observations chromo- 
somes from large nuclei are larger than those from small ones of 
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the same generation, though naturally it is more difficult to detect 
size differences in objects as small as chromosomes than in entire 
nuclei. Where the differences in nuclear volumes are great one 
can always detect corresponding differences in chromosome yo\- 
umes. 

The chromosomes of the spermatid arc usually smaller than 
those of the ootid, but when the chromosomes of the first cleavage 
spindle appear, those from the sperm nucleus are usually as large 
as those from the egg. The reason for this is to be foimd in the 
fact that both grow, after fertilization, in the same medium, the 
egg plasma, and for approximately the same length of time. 

e. Plasraasomes. The conclusion that large nuclei have large 
chromosomes, and vice versa, also applies to the sizes of nucleoli 
(plasmasomes) ; they are larger in large nuclei than in small ones. 
However in this case another factor is involved for the size of 
nucleoli is not only dependent upon the size of the nucleus, but 
also upon the length of the resting period; indeed the latter seems 
to be the more important factor of the two. The largest of all 
nucleoli is the one found in the germinal vesicle, at the close of the 
longest resting period in the entire life cycle. In these gasteropod 
eggs the next largest nucleoli are found in the cells and 

4a-4c (fig. 6) in which the resting stage is particularly long. The 
nuclei of the cells 4.^~J{.D are of the same size as those of 2A~^D 
viz. l&M in diameter, but the nucleoli of the former have about 
three times the diameter of those of the latter. 

In earlier stages of cleavage where the blastomeres are dividing 
rapidly it is difficult to compare the sizes of nucleoli, not only 
because their number varies considerably, but also because each 
plasmasome is usually surrounded by a layer of chromatin gran- 
. ules which renders exact measurements difficult. The number of 
plasmasomes appears to depend to a large extent upon the degree 
of fusion of an originally large number of separate plasmasomes. 
When chromosomes are isolated so that each gives rise to a dis- 
tinct vesicle, each may contain a minute plasmasome, and there 
may be as many of these as there are chromosomal vesicles. In 
Crepidula the number is always greatest during the earlier stages 
of the resting period; during the later stages they appear to fuse 
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together becoming fewer and larger as the individual chromosomal 
Vesicles fuse. For a considerable period two nucleoli are com- 
monly found in each nucleus, one in each gonomere, or nuclear 
half. However, when the resting stage is lon^, these two fuse 
into a single large plasmasome. 

While the nucleus continues to grow in size up to the tilne of 
the dissolution of the nuclear membrane, the plasmasome usually 
disappears before the formation of the spireme. In comparing 
the relative sizes of nucleoli it is important to compare corre- 
sponding stages; accordingly in my measurements they were 
measured when they had reached approximately their maximum 
size, and before the nucleus had reached its maximum. Nucleoli 
differ more or less in size even in different cells of the same genera- 
tion, owing perhaps to the more or less complete fusion of the 
many original nucleoli; it is significant in this connection that 
after a long resting period they are much more uniform in size 
and constant in number than when the resting period is short. 
The following table gives the diameters of nuclei and nucleoli 
(plasmasomes) in various blastomeres of Crepidula: 


TABLE 14 

Maximum nucleolar size and nuclear size in the blastomeres of Crepidula plana 
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In eggs in which the nuclear division has been greatly delayed, 
if not entirely stopped, by the use of hypertonic salt solutions the 
nucleoli become much larger than in normal eggs. Thus in the 
eggs of Crepidula plana treated with 4 per cent NaCl solution 
for two hours, and then put into normal sea water for six hours, 
the sizes of nuclei and nucleoli are as follows : 


TARLE 13 

Kudeolar size and nuclear size in eggs of Crepidula plana in hypertonic sea water 
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The great size of the single nucleolus in each of these nuclei 
is probably due to the fact that division has been delayed and the 
resting period prolonged. 

f. Centrosomes and spheres. Finally we may consider in this 
connection the sizes of centrosomes, and spheres though they are 
not parts of the nucleus. In general in Crepidula, large cells 
contain large centrosomes and spheres, while small cells contain 
small ones. The maximum diameters of centrosomes in the 
cleavage of C. plana, vary from 2p, to 7p, the measurements being 
made during the telophase of division. The maximum diameters 
of the sharply defined spheres, during the resting stages, vary 
from to 12ju; and in all cases, so far as I have observed, the 
largest centrosomes and spheres occur in the cells which have 
the largest amount of protoplasm, while the smallest occur in 
the cells with the least amount of protoplasm. 

The centrosomes and spheres are the cell constituents which 
first become unequal in an unequal cell division. As soon as the 
spindle becomes eccentric, the centrosome and sphere which lies 
farthest from the center of the cell becomes smaller than the one 
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at the opposite pole. Only after the division wall forms do the 
daughter nuclei become unequal. 

5. Conclusions as to nuclear growth during cleavage. The rate 
and amount of nuclear growth during cleavage is much less than 
is generally believed. Whether the nuclear volume is taken when 
the nuclei are at their maximum, mean, or minimum size, the nuclear 
growth is far from 100 per cent, or a doubling, in each division. In 
Crepidula the nuclear growth is not more than 5 per. cent to 9 per 
cent for each division from the 2-cell to the 32-cell stage, and less 
than 1 per cent for each division after the 32-cell stage. At the 
2-cell stage the nuclear volume is least and up to the 32-cell stage 
the chromatin increases at an average rate of about 8 per cent for 
each division. The stage when the volume of protoplasm is 
least, after the egg has reached its full size, is just before the first 
maturation division; between the first maturation and the 24- 
cell stage the protoplasm increases at an average rate of nearly 
6 per cent for each division. At the end of cleavage the ratio of 
nuclear material to protoplasmic differs but little from the ratio 
at the beginning. In Pulgur the nuclear growth from the 2-cell 
stage to the 16-cell stage averages only 2.8 per cent for each divi- 
sion, and the general Kernplasma-Relation remains unchanged. 
In Styela the nuclear growth from the 2-ceil to the 32-cell stage 
averages 9.6 per cent for each division; from the 32-cell stage to 
the 256-cell stage it averages only 0.27 per cent for each division. 
Such a rate of growth is not significant and indicates that the 
meaning of cleavage is to be found in something other than the 
increase of nuclear material as compared with the plasma. 

In general the growth of each of the different nuclear constit- 
uents parallels the growth of the nuclear material as a whole, 
though this is not true of the nuclear sap, which belongs to both 
cytoplasm and nucleus. During cleavage the fluid content of the 
egg as a whole decreases, the ooplasm becoming more consistent 
in later stages than in earlier ones. The total fluid content of 
the nuclei in the early cleavage stages is much less than that of 
the germinal vesicle; even in the later cleavages the nuclear sap 
is not so abundant, in some animals, as in the germinal vesicle. 
In Crepidula the volume of all the nuclei at the 70-cell stage is 
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»only equal to that of the germinal vesicle, though the volume of 
the chromosomal plates has increased 250 per cent; in Styela 
the volume of all the nuclei of the 256-ccIl stage is 77 per cent 
less than that of the germinal vesicle, though the total chromoso- 
mal volume has increased many fold during this period. 

Linin is a nuclear constituent which is found also in the proto- 
plasm, and during cleavage it grows in quantity at about the 
same rate as the nuclear and protoplasmic materials as a whole. 
The polar parts of the spindle and the astral rays arise in the pro- 
toplasm outside the nucleus, while the equatorial portion of the 
spindle comes from the nucleus, as is shown with great clearness 
in the cleavage mitoses of ascidians. Correspondingly the size 
of the spindle is a resultant of the volume of the nucleus and of 
the protoplasm. 

Chromatin is more distinctively a nuclear substance than the 
nuclear sap or linin, though it undoubtedly grows at the expense 
of substance received from the protoplasm and in turn contributes 
material to the protoplasm. From the 2-cell to the 32-ccll stage 
in Crepidula the growth, of the chromatin amounts to between 
6 per cent and 10 per cent for each division, and as the fluid con- 
tents of the nuclei do not increase during cleavage the nuclei 
become more chromatic in later stages than in earlier ones. 

Chromosomal material, as represented in the condensed chro- 
mosomal plates of the anaphase, increases in volume 248 per cent 
from the 2-cell to the 32-cell stages of Crepidula, or an average 
growth of about 8 per cent for each division. Individual chromo- 
somes grow smaller as cleavage advances, but this is due to the 
smaller size of the nuclei from which they come rather than to the 
cell generation to which they belong; nuclei of the same genera- 
tion which differ greatly in size produce chromosomes which differ 
in size, the larger nucleus producing larger chromosomes than the 
smaller one. 

Iri the blastomeres of Crepidula the size and number of nucleoli 
(plasmasomes) are influenced by the size of the nucleus and the 
length of the resting period. In most of the nuclei there arc two 
nucleoh, but when the resting period is long, these fuse into a 
single one. In experiments, anything which prolongs the resting 
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period leads to an increase in the size of the nucleoli." During, 
the norpial cleavage of Crepidula the ratio of the nuclear volume 
to the nucleolar volume varies from 220 : 1 to 4.6 : 1. 

Centrosomes and spheres are proportional in size to the volume 
of the protoplasm in which they lie; they are always larger in 
large cells than in small ones and hence they grow progressively 
smaller as cleavage advances. 

In general the volume of each of the nuclear constituents named 
is influenced by the volume of protoplasm of the cell, and by the 
length of the resting period. The protoplasm contributes sub- 
stances to the growth of each of these constituents, and the more 
abundant it is the larger they grow, provided the period of growth 
is the same in all cases. Where the growth peroid (interkinesis) 
is very long the nuclei becomes unusually large and may ulti- 
mately absorb the greater part of the protoplasm. 

6. Comyarison of growth of chromatin with increase of chemical 
substances and processes during cleavage. Loeb in several import- 
ant papers has shown that the nucleus is the oxidizing center of 
the cell, and that the chromatin is chiefly concerned in bringing 
about oxidations. Warburg ('08) found the oxidative power of 
the egg to increase at a relatively slow rate during cleavage. 
More recently, in view of the oft-repeated assertion that the chro- 
matin doubles at each division, Loeb ('09) concluded that the 
supposed growth of chromatin in geometric ratio indicates that 
nuclear synthesis is of the nature of an autokatalytic reaction. 
Masing (TO) has shown that in the eggs of Arbacea pustulosa the 
nucleinic acid in the fertilized but unsegmented egg is as great 
as in the Tnorula’ with 500 to 1000 cells. He concludes that, 
^The colossal increase of nuclear mass in the cleavage leads to no 
perceptible increase of nucleinic acid in the germ. A corollary 
of this must be that the total quantity of nucleinic acid necessary 
to build up the nuclear apparatus of the germ must be preformed 
in the protoplasm" (quoted from Godlewski, Tl). Shackell 
(Tl) has reached a similar conclusion with regard to the nuclein 
content of the egg and blastula of Arbacea punctulata. 

The results of my observations as to the rate of the growth of 
chromatin is especially significant when compared with the work 
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©f Warburg. I find that the chromosomal mass grows at the 
rate of 8 per cent for each division up to the 32-cell stage. It is 
difficult to connect this rate of growth of the chromosomes with 
the l^tck of growth in the nucleinic acid content as shown by Mas- 
ing, or with the lack of growth of the nuclein content as shown by 
Shackell, and it seems necessary to assume as both of these in- 
vestigators have done, that these substances are already pre- 
formed in the protoplasm. If this be true, I venture the sug- 
gestion that the large amount of chromatin (oxychromutin) 
which escapes into the cell body when the germinal vesicle dis- 
solves may constitute the nuclein and nucleinic acid which is 
distributed through the cell body. 

VII. Senescence, rejuvenescence, and the ratio of nucleus to plasma. 

It is well known that Minot ('90, '95, '08) maintains tiiat the 
cause of senescence is the increase of plasma and its products at 
a rate greater than that of the nucleus. According to his view 
the egg .at the beginning of development is in a senile condition, 
'‘in which there is an excessive amount of protoplasm in propor- 
tion to the nucleus, and in order to get anything which is young 
a process of rejuvenation is necessary .... During the 
segmentation of the ovum the condition of things has been re- 
versed so far as the proportions of nucleus and protoplasm are 
concerned. We have nucleus produced, so to speak, to excess. 
The nuclear substance is increased during the first phase of de- 
velopment. Hence our conclusion: — Rejuvenation is accom- 
plished chiefly by the segmentation of the ovum." He sums up 
his views on this subject in his four laws of age ('08, p. 250), the 
first two of which are: 1. “Rejuvenation depends on the in- 
crease of the nuclei. 2. Senescence depends on the increase of 
the protoplasny, and on the differentiation of the cells." 

Richard Hertwig's views ('89, '03, ’08) arc apparently diamet- 
rically opposed to those of Minot, though I do not find them so 
definitely expressed. He finds that senescence, or rather 'de- 
pression' and* 'physiological degeneration,’ are accompanied by 
an enormous growth of the nucleus. As a result of his work on 
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Actinosphaerium and Infusoria, which had been overfed for a 
long time, he found that there was an enormous growth of the 
nucleus followed by physiological degeneration. The animals 
which saved themselves from this condition did it by the reduction . 
of their nuclei, either by eliminating nuclear substance directly, 
or by the loss of the greater part of the nuclear material during 
conjugation, after which normal nuclear conditibns were restored. 
He regards the immature egg cell, with its great nucleus, as in a 
condition of depression similar to that found in the protozoa 
named. By the processes of maturation and fertilization this 
nuclear material is greatly reduced: ^‘Beim Beginn der Fur- 
chung und auch spater ein enormes Missverhaltniss von Kem 
und Protoplasma vorhanden ist, und dieses Missverhaltniss 
allmahlich eine Ausgleich ferfahrt, indem Zellsubstanz in Kern- 
substanz umgewandelt wird/' ('03, p, 116). Apparently then, 
in Hertwig's view, senescence or depression, is accompanied by 
too great an amount of nuclear material, which is then reduced, 
by maturation in the case of the egg cell, to such an extent that 
this enormous disproportion of nucleus to protoplasm appears; 
later, by means of the process of cleavage, during which the 
nuclear material grows at the expense of, the protoplasm, the 
normal relations of nucleus to protoplasm are restored. 

Popoff ('08) accepts Hertwig's view in all essential respects. 
He adds the interesting suggestion that in their period of depres- 
sion preceding maturation the sex cells are so weakened that they 
are unable to assimilate nutriment, and they consequently store 
up food as yolk. The formation of yolk, glycogen and fat are, 
according to this author, not indications of increased activity 
of cells, but of incapacity to carry the organic synthesis to its 
end, viz., the formation of plasma. 

While Minot’s hypothesis differs fundamentally from Hert- 
wig's as to the cause of senescence, the former holding that it 
depends upon the increase of protoplasm over nucleus, the latter 
that it is accompanied by an increase of nucleus over protoplasm, 
both agree that in the segmentation of the egg there is an enor- 
mous growth of the nuclear material as compared with the pro- 
toplasm. 



CELL SIZE AND NUCLEAR SIZE 


59 


Neither Minot nor Hertwig took account of the fact that a large 
part of the nuclear contents belongs to both nucleus and proto- 
pla^. The ‘ Kernplasma-Relation' depends very largely upon 
the quantity of protoplasmic material temporarily in the nucleus; 
in the 4-cell stage of Crepidula the ratio of nuclear volume to 
protoplasmic volume is 1 : 6.6 when the nuclei are measured at 
their maximum size, but 1 : 203.8 when they are measured at 
their minimum size. Neither of the authors named, in describ- 
ing the enormous growth of the nuclear material during cleavage, 
took account of the growth of the protoplasm during cleavage at 
the expense of the yolk. 

My observations on Crepidula have yielded the following re- 
sults, which bear upon the hypothesis under discussion: (1) 
While the germinal vesicle is absolutely the largest nucleus in the 
early stages of development, it is not so large with reference to the 
protoplasm, and hence according to Hertwig, not in so deep a 
depression, as the nuclei of certain blastomeres, which ex hypo- 
these should be undergoing restoration to normal conditions. 
(2) The growth of nuclear material during cleavage is not nearly 
so great as has been assumed, averaging not more than 10 per cent 
for each division up to the 32-ccll stage, and not more than 1 per 
cent for each division after that stage. (3) The growth of proto- 
plasm at the expense of yolk during maturation and early cleav- 
age is considerable, averaging about 6 per cent for each division 
up to the 24-cell stage. (4) The ^Kernplasma Relation,’ while 
constant for specific blastomeres, is by no means uniform for all 
the blastomeres of a given stage, but may vary from 1 : 1 to 1 : 14 
in different blastomeres of the same generation. (5) The ^Kern- 
plasma-Relation’ in adult epithelial cells of all three germ layers 
IS about the same as in the majority of the blastomeres. (6) The 
absolute size of the nucleus depends upon the quantity of proto- 
plasm in the cell and the length of the resting period (interkinesis). 
(7) The greater part of the nuclear volume consists of material 
which belongs to the protoplasm 'as much as to the nucleus; 
djiring the resting period this is taken in osmotically through the 
nuclear membrane, and is given out again at mitosis by the dis- 
solution of that membrane. (8) The immature egg cell, which 
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according to Popoff is so weakened that it is unable to assimilate 
nutriment, and consequently can only store up food instead of 
making protoplasm, does as a matter of fact form protoplasm 
throughout the whole of the growth period. 

So far as they go, therefore, these results do not support the 
view that senescence is due to either an increase or to a decrease 
of nuclear volume as compared with that of the protoplasm. 
But I think that this conflict between my results and those of 
Minot and Hertwig is, after all, confined to details, and that in the 
fundamental conception of the causes of senescence and rejuven- 
escence they may be brought into harmony. With the general 
thesis that senescence is associated with the accumulation in the 
cell of the products of metabolism and differentiation, and that 
rejuvenation consists in a return to a condition in which these 
products are largely eliminated, as Minot and Hertwig have 
urged, I am in hearty agreement; their assumption that changes 
in the nucleus-plasma ratio are the causes of these phenomena 
seems to me to be merely an error of detail. 

In a very suggestive paper. Child ('ll) has recently maintained 
that senescence and rejuvenescence are caused by a decrease or 
an increase in the fundamental metabolic reactions. Anything 
which decreases the rate of metabolism, such as “decrease in 
permeability, increase in density, accumulation of relatively 
inactive substances, etc.," will lead to senescence. “Rejuven- 
escence consists physiologically in an increase in the rate of metabo- 
lism and is brought about in nature by the removal in one-way 
or another of the structural obstacles to metabolism" (p. 609), 

This hypothesis finds much support in the phenomena con- 
nected with the early development of the egg. It is well known 
that construct ve metabolism takes place only in the presence 
of nuclear material, and it has long been known that the nuclei 
of various kinds of gland cells give off substances which play 
an important part in the metabolism of the cell. Loeb ('99) 
has shown that the nucleus is the oxidative center. -of the cell; 
Mathews identifies oxidase with chromatin; R. Lillie (’02) finds 
that oxidation takes place most rapidly in the immediate vicinity 
of- the nucleus. If the rate of metabolism is associated *with sen- 
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escence or rejuvenescence, as Child maintains, anything which 
facilitates the nterchange between nucleus and protoplasm should 
lead to rejuvenescence, anything which decreases it should lead 
to senescence. 

During cleavage the increase in nuclear surfaces is much greater 
than the increase in nuclear volumes. While the increase in max- 
imum nuclear volumes up to the 32-cell stage of Crepidula is 
about 5 per cent for each division, the growth in the maximum 
nuclear surfaces during this period is about 11 per cent for each 
division. From the 2-cell to the 70-cell stage the nuclear volume 
increases only 2.24 times, while the nuclear surfaces increase 
5.30 times. In Styela the nuclear volume increases from the 2- 
cell stage to the 256-cell stage only 4.52 times, the nuclear sur- 
faces increase 13.75 times. Unquestionably this greater growth 
of nuclear surfaces as compared with nuclear volumes, facilitates 
the interchange between nucleus and protoplasm. There is also 
a considerable increase of cell membranes during cleavage, but 
most of this increase is confined to surfaces of contact between 
cells, and free surfaces show but little growth. My observations 
teach that there is little, if any, interchange of materials through 
partition walls separating cells. 

Another and much more efficient means of facilitating the inter- 
change between nucleus and protoplasm is found in the mitotic 
division of the nucleus. During the cycle from one division to 
the next the nucleus absorbs materials from the cell body, only 
to throw back into the cell body these and other materials when 
the nuclear membrane dissolves in mitosis. The chromatin 
is thus brought into the most intimate relations with the proto- 
plasm. There is thus a sort of diastole and systole of the nu- 
cleus’' (Conklin, ’02), by which the interchange between nucleus 
and protoplasm is greatly hastened. Indeed in the paper just 
referred to I suggested that this function of mitosis may be quite 
as important as the division and separation of the chromosomes, 
which is usually supposed to be the one function of mitosis. 

The hypothesis that the more rapid interchange between nu- 
cleus and protoplasm is associated with increased metabolism 
is supported by some very significant physiological work on the 
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maturation, fertilization and cleavage of the egg. Loeb first 
showed that the immature egg, with germinal vesicle intact, is 
metabolically inactive; it absorbs but little oxygen and gives off 
little carbon dioxide. On the other hand when the membrane 
of the germinal vesicle dissolves, metabolic activity increases, 
and unless the egg is started in the process of development, by 
fertilization or other means, it soon dies, Lyon ('04) found that 
during the cleavage of the sea urchin egg the evolution of carbon 
dioxide is more rapid during the periods of division than during 
those of rest,^ Warburg ('08) found that the fertilized sea-urchin 
egg uses six to seven times as much oxygen as the unfertilized 
egg. It is well known that the condensed chromatin of the chro- 
mosomes is brought into intimate relation with the protoplasm 
during mitosis, and of course the same is true of the condensed 
chromatin of the sperm head following fertilization. We may 
conclude, I think, that mitosis increases metabolism by facili- 
tating the interchange between nucleus and protoplasm, and 
particularly by setting free chromatin in the protoplasm, either by 
the dissolution of the nuclear membrane, or by the introduction 
of the sperm head in fetihzation. 

Rapid and intimate interchange between the •chromatin and 
the protoplasm is the condition of rapid metabolismj and ex 
hypothese of rejuvenescence; slow interchange is the condition of 
slow metabolism, and of senescence. Such a view has many 
points in common with the hypotheses of Minot and Hertwig, 
while it avoids many of the serious difficulties which those hypoth- 
eses encounter. It is thus evident that one may hold, with 
Minot and Hertwig, that the germ cells before maturation are 
senescent, and that maturation, fertilization and cleavage rep- 
resent a rejuvenescence, without necessarily connecting these 
processes with the nucleus-plasma ratio. 


*R. Lillie (1910) holds that this is due to increased permeability of the plasma 
membrane during division. 
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PART II 

EXPERIMENTAL STUDY OF CELL SIZE AND NUCLEAR SIZi: IN 
THE EGGS OP CREPIDT.'LA PLANA 

I. Nuclear size and chrom.oso7ne number 

In Crepidula the relation of nuclear size to chroinosonie number 
is the same as in the Echiiiid larvae studied by Boveri (’05). 
By the use of various hypertonic salt solutions abnormal mitoses 
may be produced in Crepidula eggs; one of the most common 
of these abnormalities consists in the scattering of the chromo- 
somes, so that they do not fuse together to form two daughter 
nuclei, one in each cell, but many small nuclei. Indeed there 
may be almost as many small nuclei as there are chromosomes, 
every isolated chromosome being capable of producing a S'^ all 
nuclear vesicle. In all such cases the nuclear vesicles formed from 
a small number of chromosomes always remain smaller than 
those formed from a larger number. In any given species the 
size of the nucleus is proportional to the number of chromosomes 
which go into its formation, providing the other factors which 
control nuclear size, viz., quantity of cytoplasm and length of 
resting period, are the same. On the other hand the size of the 
cell body is not dependent upon the size of the nucleus in the 
early cleavages of Crepidula, as Gerassimoff (’02) found to be the 
case in Spirogyra and as Boveri determined in the case of Echinid 
larvae, but the reverse is true. 

In the eggs of Crepidula which have been treated with salt 
solutions the cell body frequently docs not divide at all and many 
nuclei may be left in a single cell; where the cell itself divides 
there is a tendency for the blastomeres to divide in normal fashion, 
giving rise to macromeres or micromeres as in the normal egg, 
even though polyasters and abnormal mitoses arc present. Con- 
sequently these egge afford no evidence that the size of the nucleus 
has an influence on the size of the cell body. 
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II . Nuclear size and cell size in centrifuged eggs of Crepidula 

While the size relations of cells and of their various constituents 
may be readily observed in normal eggs, it is especially in eggs 
which have been centrifuged at various stages of development 
that the factors which determine these various size relations can 
be most satisfactorily studied. The various constituents of a 
cell may be moved by centrifugal force to one pole or another, 
according to their specific weights, and the axis of centrifuging. 
In this way the yolk, the cytoplasm, the nuclei and the centre- 
somes, may be caused to take very abnormal positions in the cell. 
Even the mitotic figure may be moved out of its ordinary position 
in the earliest stages of its formation, but after it has reached the 
metaphase it can be moved only with great difficulty; from this 
stage on it is anchored, probably to the cell membrane by the 
astral radiations, while the other constituents of the cell are free 
to move under the influence of centrifugal pressure. In this way 
it happens that the cytoplasm may be centrifuged away from the 
spindle and the latter left in a dense mass of yolk; or the normal 
relations of cytoplasm and yolk to the poles of the spindle may be 
completely changed; or the normal size relations of the daughter 
cells may be quite reversed. As illustrating these changed rela- 
tions, due to centrifuging, a few eggs are shown in figs. 11-37, 
selected from a great number which are similar to these. 

These eggs were centrifuged on a centrifugal machine run by 
water pressure, at the rate of 2000 revolutions per minute; the 
radius of rotation was 6 cm., consequently the centrifugal pres- 
sure was nearly 270 times that of gravity. Eggs were centrifuged 
at this rate for varying lengths of time, after which they were 
removed from the machine and either fixed at once, or left for a 
longer or shorter time in sea water before fixation. All eggs were 
fixed in Kleinenberg picro-sulphuric mixture, were preserved in 
70 per cent alcohol only long enough to waslT out the fixing fluid, 
and were then stained in my modification of Delafield^s haematoxy- 
hn and n«)unted entire in balsam, in the manner described in 
previous papers (Conklin, '02 et seq,) 
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In fig. 11 an egg is shown which was centrifuged for ten minutes 
after the formation of the first polar body and before the formation 
of the second, the axis of centrifuging being such that the lighter 
protoplasm was throwm to the vegetative pole and the heavier 
yolk to the animal pole, thus reversing the normal positions of 
these substances. After centrifuging, the eggwas left in sea water 
for three hours before being fixed. The first polar body, which 
has partially divided, lies at the animal pole; the second matura- 
tion spindle has been greatly elongated and its axis has been 
turned somewhat, its lower pole having been moved to the right 
in the figure. The egg has begun to constrict opposite the equa- 
tor of the spindle, thus leading to the formation of a giant sec- 
ond polar body. The nucleus of this second polar body consists 
only of a compact mass of chromosomes surrounded by yolk; 
the sphere connecting these chromosomes with the egg membrane 
is much elongated. The egg nucleus and sphere at the lower pole 
of the spindle are in contact with the field of cytoplasm and are 
much larger than those at the upper pole. The sperm nucleus 
and sphere, lying in the cytoplasmic field, are much the largest 
in the egg. In normal condition these relations are reversed, 
the sperm nucleus lying in the yolk, while the egg nucleus is in 
the cytoplasmic field ; and in such cases the egg nucleus and sphere 
are larger than those of the sperm; however as the sperm nucleus 
approaches the egg nucleus and thus moves up into the cytoplasm 
it continually grows larger until, at the time the two meet, the 
sperm nucleus is almost as large as the egg nucleus. The fact that 
the normal size relations of these two nuclei may be reversed by 
reversing the positions of the cytoplasm and yolk, furnishes con- 
clusive evidence of the fact that the relative sizes of the egg and 
sperm nuclei and asters are dependent upon the quantity of cyto- 
plasm in which they lie. 

Furthermore fig. 11 shows that the spindle itself is a structure 
composed of fibers more firm than the surrounding substance, 
and is not merely an arrangement of the granules, which happen 
to be present in a field of force, into lines, like iron filings in a mag- 
netic field. The spindle remains fixed in position when all sur- 
rounding substances change position, and the spindle fibers. 
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though much elongated preserve their usual appearance. In this 
regard my work confirms the conclusions of Morgan (10) as to 
the nature of the spindle in Cerebratulus, and is at variance with 
the work of Lillie ('09) on Chaetopterus. 

In fig. 12 an egg is shown which was centrifuged for fifteen 
minutes during the first cleavage and was then left for three 
hours in sea water. The axis of centrifuging is indicated here, 
as elsewhere, by the lighter vacuolated substance at one pole 
and the heavier yolk at the opposite pole; this axis is also marked 
by an arrow, the head of the arrow marking the distal pole during 
centrifuging, the tail of the arrow the central pole. In figs. 12 
to 15 the first cleavage plane does not pass through the animal 
pole, which is marked by the polar bodies, but is displaced to one 
side, and the cleavage is not meridional, as in norna^ Gggs; 
furthermore the cleavage is not equal, quantitatively- and qualita- 
tively, as in normal eggs, but is markedly unequal, most of the 
cytoplasm having gone into the smaller one of the two daughter 
cells, while the larger one contains little cytoplasm and much yolk. 
This is evidently due to the fact that the greater mass of yolk 
in the larger cell has displaced the cleavage plane to one side of 
its normal position. 

Corresponding to this difference in the quantity of cytoplasm 
in the first two blastomeres of these eggs, there is a decided dif- 
ference in the size of the nuclei and spheres^ the latter always 
being proportional in size to the quantity of cytoplasm in which 
they lie. The smaller cells with the larger quantity of cytoplasm 
thus have larger nuclei and spheres than the larger cells, which 
have a smaller quantity of cytoplasm. 

The eggs represented in figs. 13, 14, and 15 were centrifuged lor 
five hours during the first cleavage and were then hxed at once. 
It is evident that division took place while the eggs were on the 
centrifugal machine and that the daughter nuclei have grown to 
the size shown while the eggs were still being centrifuged. Other 
eggs centrifuged for the same length of time were allowed to 
develop further after being removed from the centrifuge, and 
they show that in most cases the eggs were still alive after cen- 
trifuging and not seriously injured. Fig. 13 shows a very note- 
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worthy fact to which attention will be devoted in a future paper, 
viz., that the cell axis, which is marked by the line passing through 
the nucleus and sphere (and centrosome), remains unchanged 
after centrifuging. In the stage shown in fig. 13, the spheres lie 
between the nuclei and the polar bodies in normal eggs, and al- 
though the positions of cytoplasm and yolk, and of the first cleav- 
age plane have been changed in this egg, this cell polarity remains 
unchanged. 

Fig. 16 represents an egg which was centrifuged thirty minutes 
and ' then left in sea water for twenty hours. N either this egg nor 
any others of this lot developed far after being centrifuged; it is 
possible that the eggs were injured in some way so that none of them 
developed, or iiris barely possible that the record of the experiment 
is wrong. In all the eggs of this lot the appearance is that of eggs 
which had been under normal conditions for about three or four 
hours after being removed from the centrifuge. 

This egg was evidently centrifuged during the first cleavage, 
which was very unequal, practically all of the cytoplasm having 
gone into the smaller of the two daughter cells. The nucleus and 
sphere in this smaller cell are enormous, whereas in the. larger 
yolk cell they are extremely small, indeed no larger than in the 
anaphase stage olF division. The chromosomes form a compact 
mass which stains deeply and contains no achromatic material. 
The sphere is small also but the fact that it holds its normal 
position with respect to the nucleus shows not only that the pol- 
arity of the cell remains unchanged, but also that the material 
of the sphere is different from the ordinary cytoplasm. In many 
cases similar to fig. 16 cytoplasm slowly forms around the chromo- 
somes in the yolk cell and ultimately such a cell may develop in 
a normal manner. There is no evidence that cytoplasm ever 
passes through the cell membrane from one cell to another, and 
there is positive evidence that this does not occur. The formation 
of cytoplasm around a mass of chromosomes in a yolk field is 
therefore an occurrence of more than ordinary importance. The 
question has been asked frequently whether the nucleus alone 
can form cytoplasm or the cytoplasm alone a nucleus. It is 
known that the latter never happens; a mass of cytoplasm without 
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a nucleus may live for some time and show certain vital functions, 
but it is unable to grow or to regenerate lost parts. It is much 
more difficult to test the former question, for it is usually impos- 
sible to separate the nucleus completely from the cytoplasm and 
yet leave it in a medium in which growth would be possible. 
Verworn ('91) succeeded in shelling . the nucleus out of Thalas- 
sicolla, but found .that the isolated nucleus was unable to grow 
a new cell body; but apart from the objection that the resting 
nucleus contains a large amount of cytoplasmic substance, this 
experiment is not conclusive for it is possible that the failure to 
grow a cell body was due to the lack of a proper nutrient medium 
in which the nucleus could operate. 

The present experiment is free from most of these objections, 
though it must be confessed that one objection still remains, 
viz., it is not possible to be certain that every trace of cytoplasm 
has been removed from the yolk cell. Nevertheless the amount 
of cytoplasm left in the cell is very small and is quite indistinguish- 
able, the only visible constituents of the cell being chromosomes, 
sphere and yolk. In the growth of cytoplasm in such a cell there 
first appears a very thin layer of cytoplasm around the chromo- 
somes, then the yolk in the^immediate periphery of this begins to 
dissolve and the cytoplasm increases in amount. Coincidently 
the chromosomes swell up, absorbing achromatic material from 
the cytoplasm, and in later stages the growth of both cytoplasm 
and nucleus goes forward at an increasing rate. The formation 
of cytoplasm takes place only in the presence of chromatin and 
in its immediate vicinity; on the other hand the chromosomes grow 
only when surrounded by cytoplasm. This indicates that some 
influence, probably of a chemical nature, goes out from the chro- 
mosomes and leads to the solution of yolk and the formation of 
cytoplasm. Whether this influence from the chromosomes may 
act directly upon the yolk, or only indirectly through the medium 
of a minimal quantity of cytoplasm, is not certain, but it seems 
probable that the latter is the case. After cytoplasm has been 
formed around the chromosomes, but not before, the chromosomes 
themselves begin to swell up, absorbing achromatic material 
from the cytoplasm, and the chromatin grows in quantity. Cyto- 
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plasm is essential to the growth of the nucleus and of the chroma- 
tin; on the other hand chromatin is essential to the growth of 
cytoplasm, or to the conversion of yolk or food substances into 
cytoplasm. The life of the cell consists in an interchange of 
materials between the nucleus and the cytoplasm; the one cannot 
grow in the absence of the other. This conclusion agrees with 
the generalization of Godlewski (TO) : “Zucrst das Bildingsmate- 
rial geliefert und von den betreffenden Regeneratskomponenten 
zum Protoplasm assimiliert wird, dass dagegen in der zweiten 
Regenerationsphase dieses Protoplasma sich wenigstens teilweise • 
zur Kernsubstanz transformiert” (p. 88). 

The question has been much discussed as to whether the nuclei, ’ 
and more particularly the chromosomes of the germ cells, are 
the sole 'bearers of heredity/ as Weismann, and many others, 
have maintained. We have experimental evidence that the 
cytoplasm cannot form chromatin in the absence of preexistent 
chromatin. On the other hand there is no certain evidence that 
the chromatin can form cytoplasm in the absence of preexisting 
cytoplasm. The experiment described above is not entirely 
conclusive, for while chromosomes in a yolk field form cytoplasm, 
it is probable that a minimal amount of cytoplasm is left in the 
yolk field, and it may be said that this merely grows by assimila- 
tion of yolk. On the other hand my experiments show that 
where we have equal division of the chromosomes and unequal 
division of the protoplasm we may have regulation and normal 
development; whereas this never follows abnormal distribution 
of the chromosomes; in other words protoplasmic abnormalities 
are capable of reigulation when the nucleus is normal, but the re- 
verse is not the case. The nucleus is the regulating center of the 
cell, and it is probably also the assimilating center. And since 
both of these functions are involved in inheritance, to this extent 
at least the nucleus may be said to be the inheritance center. 

Fig. 17 represents an egg which was centrifuged for four hours 
during the first cleavage and was then placed under normal con- 
ditions for six hours before being killed. The polar body marks 
the original animal poje and in the centrifuging most of the yolk 
was thrown to this pole, most of the cytoplasm to the opposite 
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pole. The first cleavage plane is nearly equatorml in position, 
and one of the cells contains most of the cytoplasm. The 
spindles for the second cleavage have formed and the spindle 
in the cell containing the larger amount of cytoplasm is distinctly 
larger than the one in the other cell; each is proportional in size 
to the resting nucleus from which it came and to the volume of 
cytoplasm in the cell. The fact that the polarity of the cells has 
not been changed by the abnormal position of the fii:st cleavage 
plane is indicated by the fact that the spindles are parallel to 
each other, but not to the plane of cleavage, as in normal eggs. 
In short there is evidence that the spindles here attempt to take 
up the positions which they would have occupied in a normal 
egg, with meridional cleavage. 

Fig. 18 represents an egg from a lot which was centrifuged fifteen 
minutes in gum arabic, as recommended by Lyon C04), and which 
was fixed three hours after removal from the centrifuge. Fig. 
19 shows an egg which was centrifuged thirty minutes, and was 
fixed six hours later. In both cases the centrifuging took place 
during the first cleavage, as is shown by the unequal distribution 
of cytoplasm and yolk on both sides of the first cleavage plane. 
In the second cleavage, which evidently occurred after the eggs 
were removed from the centrifuge, the cytoplasm was distributed 
equally to the daughter cells. In fig. 18 the second cleavage took 
place a little earlier in the cell rich in cytoplasm {AB) than 
in the other (CD), but the smaller size of the nuclei in the latter 
is probably due in part to the fact that these cells are poor in 
cytoplasm. In fig. 19 the inequality in the distribution of cyto- 
plasm at the first cleavage is much greater than in fig. 18; never- 
theless the second cleavage occurred in the cell poor in cytoplasm 
(CD) at nearly the same time as in the other cell {AB). Although 
the nuclei in the cells C and D are much smaller than those in A 
and By their structure shows that they are in nearly the same 
stage of the cell cycle. Their smaller size is due to the smaller 
quantity of cytoplasm in which they lie. Figs. 17-19 indicate 
that the absolute size of the nucleus has little to do with the time 
of its division; small nuclei in yolk-rich cells divide almost as 
rapidly as large nuclei in cells rich in cytoplasm. 
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Figs. 20 to 28 show eggs which were centrifuged during the 
second cleavage. The first and second cleavages may always 
be distinguished by the fact that the polar furrow bends to the 
right in the first cleavage and to the left in the second (Conklin 
’97). In fig. 20 the distribution of cytoplasm and yolk to the 
daughter cells was equal in the first cleavage but unequal in the 
second, and the daughter nuclei are proportional in size to the 
volume of the cytoplasm in which they lie. 

In fig. 21, which represents an egg which was centrifuged for 
30 minutes and fixed at once, the second cleavage is very unequal, 
two of the macromeres {B and C) being small protoplasmic cells, 
which resemble micromeres in appearance, but which behave like 
macromeres as the study of later stages (figs. 24 to 28) shows. 

Fig. 22 represents an egg which was centrifuged for thirty 
minutes during the second cleavage and then kept under nonnal 
conditions for twenty-one hours before being fixed. The second 
cleavage was suppressed although the nucleus divided in the upper 
cell, AB, but not completely in the lower one, CD, These nuclei 
have given rise to spindles for the third cleavage, there being two 
independent spindles in the cell AB, and two spindles which are 
fused at one pole in the cell CD, thus forming a triastcr. The 
degree of abnormality in this case is indicated by the fact* that 
the development has been halted at this stage, although a normal 
egg would have reached the 20-cell stage at least, in the time which 
elapsed after centrifuging. . 

With the exception of fig. 26, all of the figs, from 23 to 28 were 
drawn from the same lot of eggs which were centrifuged for thirty 
minutes in the 2-cell stage, and then kept for six hours under 
normal conditions before being fixed. In all of these eggs the 
second cleavage was made very unequal by the centrifuging. 
Two of the macromeres are not only much smaller than the other 
two, but are composed entirely of cytoplasm, whereas the two 
larger macromeres contain all of the yolk. Nevertheless the 
behavior of these two small, protoplasmic macromeres is almost 
identically like that of the large, yolk-rich macromeres; the micro- 
meres are given off from both the protoplasmic and the yolk 
laden macromeres at practically the same time and in the same 
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direction; the micromeres formed from these abnormal macro- 
meres are the same as in normal eggs in which all the macromeres 
are of the same size and contain the same quantity of C3i;oplasm 
and yolk. In short there is here a form of regulation which leads 
to the formation of normal micromeres from abnormal macro- 
meres, and the exact manner in which this cellular regulation 
takes place is of fundamental importance, and will be discussed 
later. 

Fig. 23 represents an egg similar in many respects to fig. 21, 
but of a later stage. The smaller protoplasmic macromeres 
pi‘eserve their original polarity as is shown by the fact that the 
spheres lie between the nuclei and the polar bodies. On the other 
hand each of the large macromeres contains a tetraster; the spin- 
dles are those of the third cleavage. 

Fig. 24 represents an egg of the same type as the preceding, 
after the third cleavage; each macromere has given rise to a 
micromere which is normal in form, position, constitution and 
size, although the macromeres are very abnormal in these regards, 
two of them containing all of the yolk and very little protoplasm, 
and the other two being small and purely protoplasmic. Indeed 
the macromeres lA and ID nearly exhausted all the cytoplasm 
which they contained in order to form cytoplasmic micromeres 
of normal size; on the other hand, the size of the micromeres 
Ih and /c is not influenced by the fact that the macromeres from 
which they come arc small and arc purely protoplasmic. 

Fig. 25 is a drawing of an egg in a slightly older stage than fig. 
24; the large macromeres, IB and 1C, are giving off the second 
set of micromeres, 2b and 2c, while two of the first set of micro- 
meres, and Ic, are just beginning to divide. The four small 
cells which lie to the left of the polar bodies are the macromeres 
M and ID and the micromeres la and Id; these cells are purely 
protoplasmic and are very small, all four of them being no larger 
than one of the micromeres, lb or Ic, in the other quadrants. 
Nevertheless these minute ^macromeres’ have each given rise by 
an equal cleavage, to a micromere as large as itself. Although 
these micromeres are much smaller than those in the other quad- 
rants, they are the largest that could be formed from the macro- 
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meres in question without making the macromeres smaller than 
the micromeres, thus reversing the usual inequality of this divi- 
sion; in short the division of these cells represents the nearest 
possible approach to normal conditions. 

Figs. 27 and 28 show eggs of the same type as the preceding, 
but at a stage after the formation of the second set of micro- 
meres {2a-2d) and during the division of the first set {la~ld). 
Here also these micromeres are normal in size, although the size 
relations, and the cytoplasmic or yoll^ content of the macromeres 
from which they came, are very abnormal. In the cleavages which 
follow after the centrifuging, complete regulation has occurred, 
so far as this is possible. It is not possible for regulation to take 
place by the redistribution of cytoplasm and yolk by passage 
through a cell membrane. 

Fig. 26 represents an egg which was centrifuged for thirty 
minutes during the second cleavage, and then fixed twelve hours 
later. At the time of centrifuging the nuclear division in the 
second cleavage was complete, but the division of the cell body was 
suppressed. Consequently each of the blastomeres, AB and CD, , 
contained two nuclei, which by subsequent division in the manner 
indicated in fig. 22 have given rise to two sets of micromeres, 
la-ld, and 2a~2d. Both sets of micromeres have divided, as 
indicated by the connecting bonds, thus forming a somewhat ab- 
normal cap of sixteen micromeres. The nuclei -of the macromeres 
are indicated by the reference lines from the letters 2A~2D. 
Other cases similar to this one will be shown and described in 
another paper, but this one egg shows that it is possible for both 
the nuclei of a binucleate cell to divide at the same time and to 
give rise to separate cells, each with a single nucleus, and that such 
cells may approximate in form and position normal blastomeres. 

Fig. 29 represents an egg which was centrifuged for four hours 
at the close of the second cleavage, and fixed at once after centri- 
fuging. The yolk has been forced out into lobes, which are still 
connected with the protoplasmic portions of the cells except in 
the case of one cell, where the lobe has been completely separated. 
It is a significant fact that the point at which the lobe forms, and 
consequently the point where the cell membrane is weakest lies 
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at the outer pole of the axis which passes through the centrosome 
and nucleus and these axes mark the position of the spindles 
of the third cleavage. Here, as in every other instance, the 
smallest nucleus is found in the cell which has the smallest amount 
of cytoplasm. 

Fig. 30 is a drawing of ah egg which was centrifuged ten min- 
utes in gum arabic, during the first cleavage, and fixed four 
hours later during the third cleavage. Macromeres A and B 
are richer in cytoplasm and poorer in yolk than C and D, and 
correspondingly the spindles and asters are larger in the former 
than in the latter. 

Figs. 31 and 32 represent eggs which were centrifuged four 
hours during the first cleavage, and were fixed six hours later. 
In both eggs the macromeres A and B are richer in cytoplasm and 
poorer in yolk than C and D. In fig. 31 the cells A and B con- 
tained more cytoplasm and divided earlier than C and D; at least 
one-half of the cytoplasm in the latter cells has gone into the 
formation of the niicromeres, which are still, however, smaller 
* than normal. The first cleavage in this egg did not pass through 
the animal pole, marked by the polar bodies, but was displaced 
to- one side, and the spiral form of the cleavage is not clearly 
preserved in the cells C and D. While the regulation in the size 
of these micromeres is not complete, the tendency to approach 
the normal condition evident. Fig. 32 is similar to fig. 31, 
though the macromeres C and D of this egg contained a larger 
amount of cytoplasm than in fig. 31, and the regulation in the 
size of the micromeres is complete. 

Fig. 33 shows an egg, from the same slide as fig. 30, which was 
centrifuged ten minutes in gum arabic and fixed four hours later. 
The macromeres lA and IB contain more cytoplasm and are 
dividing earlier than IC and IDj but the micromeres from the 
former are no larger than those from the latter. 

Fig. 34 represents an egg which was centrifuged for two and 
one-half hours during the first cleavage, and was fixed twenty-one 
hours later. The macromeres 2A and 2B contain much cyto- 
plasm, while 2C and 2D contain little and yet the micromeres 
formed from the latter are almost as large as those from the former* 
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Figs. 35, 36, 37 represent eggs, from the same experiment, 
which were centrifuged thirty minutes during the first cleavage, 
and were fixed twelve hours later. The size of the micromeres of 
the first, second or third sets is but little influenced by the quan- 
tity of cytoplasm in the macromeres; the size regulation of the 
micromeres is here practically complete. In fig. 37 the cell I^c, 
forms at the same time as though in normal eggs it does not 
form until much later; the precocious formation of this cell is 
probably due to the fact that the amount of cytoplasm in macro- 
mere C was larger than normal. 

III. General results of these experiments 

The results of these experiments, which have been described 
in the order of development from the earlier to the later stages 
without reference to a logical presentation of general questions, 
may now be classified and compared with the observations on 
cell size and nuclear size given in Part I of this paper. In gen- 
eral these experiments support in every detail the conclusions based 
upon the study of normal eggs and blastomeres. 

1 . Nuclear size in centrifuged eggs. In centrifuged eggs, as in 
normal ones, the size of the nucleus is always dependent upon 
the quantity of cytoplasm surrounding the nucleus and upon the 
length of the resting period. Nuclei which are normally large 
may be caused to remain small, and nuclei which are normally 
small may be rendered large by merely changing the positions of 
the yolk and cytoplasm in the cell. 

In normal eggs of Crepidula the egg nucleus lies in a protoplas- 
mic field near the animal pole of the egg, while the sperm nucleus 
enters the egg near the vegetal pole and moves up toward the 
animal pole through a field of yolk. As long as the sperm nucleus 
is in this yolk it remains very small, and only when it emerges 
into the protoplasmic field near the egg nucleus does it begin to 
grow rapidly. The egg nucleus on the other hand, grows rapidly 
and becomes much larger than the sperm nucleus. If now an 
egg is centrifuged during the formation of the second polar body 
so as to throw the yolk to the animal pole and the cytoplasm to 
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the vegetal pole, the normal size relations of the germ nuclei is 
reversed, the sperm nucleus becoming larger than the egg nucleus 
as shown in fig. 11. Godlewski ('08) holds that the size of the 
sperm nucleus depends upon the time which elapses before its 
union with the egg nucleus j it also depends, as I have shown, 
upon the quantity of cytoplasm in which it lies. We conclude 
therefore, that in all animals the relative sizes of egg and sperm 
nuclei are dependent upon the amount of cytoplasm in which 
they lie, and upon the length of the growth period (interkinesis). 
In this connection it may be worth while to remark that one 
reason why the rhythm of cleavage, in Boveri^s, Driesch's, and 
Godlewski's experiments, follows the maternal rather than the 
paternal type may be found in the fact that the rate of growth 
of the nucleus is dependent upon the quantity and quality of the 
protoplasm of the egg. 

In the cleavage of the egg the size of the nucleus is dependent 
upon the quantity of protoplasm in which it lies, as shown by figs. 
12 to 20. In eggs subjected to strong centrifugal force the egg 
contents separate into three zones, a yellow zone of yolk at the 
distal (heavy) pole, a gray zone of oily and watery substance at 
the central (light) pole, and a clear zone of protoplasm between 
these two. It is the latter substance which contributes to the 
growth of the nucleus, as is shown by such cases as fig. 16 in which 
the gray substance was centrifuged out of the egg and practically 
all of the yolk thrown into one of the blastomeres, and most of 
the clear protoplasm into the other; the nucleus in the blastomere 
which contains yolk but little or no protoplasm has scarcely 
grown at all, the one in the cell containing the clear protoplasm, 
but without the gray substance, has grown enormously. Sim- 
ilar, though less striking, differences in the sizes of nuclei, depend- 
ing upon the quantity of clear protoplasm in the cell, are found 
in all the eggs figured. In centrifuged eggs the nucleus always 
occupies the middle zone, and as I have just shown it grows at the 
expense of substance received directly from this zone. The fact 
that the specific gravity of the nucleus and of this middle zone are 
the same, is probably due to the fact that so much of the absorbed 
nuclear material is from this zone. 
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2, The sizes of spindlesj centrosomes, spheres and asters. The 
study of centrifuged eggs shows, as was observed in the case of 
normal eggs, that the sizes of spindles, centrosomes, spheres 
and asters are dependent upon the quantity of cytoplasm in which 
they lie. The size of the spindle is also related to the size of the 
nucleus, as I have already shown, but as this, in turn, is dependent 
upon the quantity of cytoplasm of the middle zone, it follows that 
the size of the spindle as well as that of the centrosome and sphere 
is related to the quantity of cytoplasm in which they lie. Fig. 
17 shows spindles in sister cells which are quite different in size 
owing to the different amounts of cytoplasm in these two cells; 
while figs. 11, 12, and 16 show centrosomes and sphere which 
vary in size depending upon the quantity of cytoplasm surround- 
ing them. 

In this connection attention should be called to the fact that 
the spindles from the stage of the metaphase to the end of 
mitosis are anchored in the cell, and can be moved only with 
much difficulty. The spindle fibers are tougher and more con- 
sistent than the surrounding plasm, and they are not a mere 
arrangement of granules in the lines of force as Lillie (’09) has 
maintained for Chaetopterus. 

S. The rhythm of division in centrifuged eggs. The rhythm of 
division is not dependent solely upon nuclear size, nor* cell size, 
nor the ratio of one to the other (Kernplasma-Relation), though 
it may be influenced by the absolute amount of cytoplasm present 
in the cell Cleavage cells which contain a large amount of cyto- 
plasm, and which therefore have large nuclei, usually divide a 
little earlier than cells poor in cytoplasm, and with small nuclei, 
though this is not always the case, as is shown by fig. 17, in which 
the large and the small nuclei divide at the same time. Nuclei 
which differ greatly in size may still be in the same stage of the 
nuclear cycle, as shown in fig. 19, and may divide at the same 
time. On the other hand, figs. 25, 31, 34 and 37 show cases in 
which nuclei of the s,ame generation divide earlier in cells rich 
in cytoplasm than in cells which are poor in this substance. 

4. Growth of cytoplasm at the expense of yolk. Centrifuged 
eggs afford an excellent opportunity of studying the way in which 
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cytoplasm grows at the expense of yolk. In cases in wbdch the 
centrifuging occurred after the spindle was. anchored in the cell, 
but before the division wall had formed, the cytoplasm may be 
thrown almost entirely to one pole of the spindle and the yolk 
to the other; accordingly when division occurs one of the daughter 
cells will contain almost all the cytoplasm, the other all the yolk, 
while both cells will receive the same number and mass of chro- 
mosomes, fig. 16. The chromosomes which are left in the yolk 
field remain small and compact since there is no cell substance 
which they can absorb. After s6me time the yolk in the vicinity 
of the chromosomes may begin to disappear and cytoplasm to 
appear in its place. It can scarcely be doubted that some sub- 
stance, probably an enzyme, is given off by the chromosomes and 
dissolves the yolk, and that this dissolved yolk is then converted 
into cytoplasm through the influence of the chromosomes. Once 
a small field of cytoplasm is formed around the chromosomes, they 
begin to absorb it and to become vesicular. The process of form- 
ing cytoplasm may then go forward rapidly and in the end the 
yolk cell may give rise to protoplasmic micromeres in a normal 
manner (fig. 31). It is probable that a small amount of cyto- 
plasm, which cannot be displaced by centrifuging, is left in the 
yolk cell, and it is possible that the formation of new cytoplasm 
would not take place in the absence of this small remnant, but 
it can be proved conclusively that this formation of cytoplasm 
takes place only in the vicinity of the chromosomes, and that in the 
absence of this chromatic material it never occurs at all. Under 
these circumstances the conclusion seems justified that the chro- 
matin has the power of forming cytoplasm when placed in a suit- 
able nutrient medium, such as yolk, and that the cytoplasm in 
turn contributes to the growth of the nucleus and of the chromatin. 

5. Unequal , and differential cell divisions. By centrifuging, the 
size and constitution of the blastomeres may be changed; divi- 
sions which are normally equal may be made unequal, and vice 
versa; cells which are normally protoplasmic may be filled with 
yolk and vice versa. In this way both the cell size and the cell 
content may be controlled experimentally. 
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Acknowledgedly the position of the spindle conditions the plane 
of the cleavage, the division wall passing through the equator of 
the spindle. When by any means the spindle is displaced from 
its normal position the division plane is displaced. In this way 
giant polar bodies may be formed, as shown in fig. 11, or macro- 
meres may be formed which are small and free from yolk, as 
shown in figs. 16, 21--28, et al. 

Are the inequalities and differentiations of normal cleavage 
due to similar causes, viz., external or internal pressure? Clearly 
external pressure cannot be involved in the unequal division 
of free cells, such as the maturation divisions of the egg; and 
the fact that isolated blastomeres of the 4-cell stage divide 
in the normal manner into small protoplasmic micromeres and 
large yolk-rich macromeres, shows that these unequal divisions 
during the cleavage period cannot be explained as the result of 
reciprocal pressure among cells. On the other hand, the forma- 
tion of micromeres of normal size and constitution from purely 
protoplasmic macromeres, as shown in figs. 24, 27, 28, 33, 36, 
et al., indicates that this inequality of division cannot be due to 
the crowding of the spindle to one side of the cell by internal 
pressure, such as might come from the presence of a mass of 
yolk— because in the cases cited, little or no yolk is present in 
the macromeres. If internal pressure is involved in the unequal 
division of these protoplasmic ceils it must be pressure of a very 
different sort from that involved in the presence of a mass of 
metabolic products at one side of the cell. While the spindle 
may be pressed out of position by external or internal pressure 
this will not serve to explain the eccentric position of the spindle 
in such cases as I have described. 

A satisfactory explanation of unequal and differential cell divi- 
sion must also be able to be applied to equal and non-differential 
cleavage, for the causes of the latter are not simple mechanical 
conditions, such as pressure. In the case of cleavages which 
are normally equal, if the spindle and yolk are moved to eccen- 
tric positions in the cell, they come back, if possible, to their 
normal positions when the pressure is removed; indeed they some- 
times seem tb come back against considerable pressure, as when 
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a spindle moves out of a protoplasmic field into the yolk in order 
to reach its normal position in the cell. When eggs like the one 
shown in fig, 11 are removed from the centrifuge^ the egg and spenn 
nuclei, together with the cytoplasm surrounding them move up 
through the yolk until they ultimately lie in their normal position 
on the animal side of the egg, beneath the polar bodies. How- 
ev''er far the germ nuclei or the first cleavage spindle may be re- 
moved from the chief axis of the egg, they invariably come back 
to their normal positions, with the equator of the spindle in the 
egg axis, and the long axis of the spindle at right angles to the 
axis, unless the spindle is held so long in its abnormal position 
that it is caught in that position by the divisional processes. The 
same is true also of the nuclei and spindles of the 2-cell stage; 
when moved out of the median plane of the cell they come back 
to that median plane, unless the cells are injured or the spindles 
are held in their abnormal position until the metaphase or a little 
later. Evidently the cause of equal cell division, such as the first 
and second cleavages of Crepidula, is not so simple as those have 
assumed who have attributed it to pressure, the line of least 
resistance, or the long axis of the protoplasmic mass. 

Not only the eccentricity or lack of eccentricity, but also the * 
axis of the spindle is of great importance in determining the char- 
acter of the cleavage. While the former is associated with the 
equality or inequality of division, the latter conditions its differ- 
ential or non-differential character. The polar differentiation 
of the egg is the first visible morphogenetic differentiation, and it 
is not without significance that in the first and second cleavages 
of the egg the spindles are at right angles to the egg axis, while 
in the third, fourth and fifth cleavages they are more nearly par- 
allel with that axis. 

I have hitherto spoken of the position of the spindle as if it 
were the one cause of equal or unequal, differential or non-differ- 
ential cleavage; but for many reasons it is evident that the posi- 
of the spindle is itself the result of the structure or organiza- 
Jroh of the protoplasm, and that in this organization polarity and 
symmetry play an important part. Many years ago (’93) I 
showed that even before the spindle is formed, the shape of the 
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cell may indicate the position and direction of the coming cleav- 
age, and I maintained then and in subsequent papers (’97, ’99, 
^02) that the position of the spindle and the size, position, and 
histological character of the daughter cells is the result of the 
structure of the protoplasm, and particularly of the polarity and 
symmetry of the cell. 

These conclusions have been confirmed by much experimental 
work on cell division, which I have completed but have not yet 
pubhshed. The position of the spindle and the plane of cleavage 
may be greatly changed, but the polarity and organization of the 
protoplasm remain unchanged, as I shall show in a future paper. 
Indeed it is very difficult to alter the polarity of any cell as Lillie 
(’06, ’09) has shown, and one reason for this is to be found in the 
fact, as I have discovered in Crepidula, that ,the cell axis, i.e., 
the axis connecting nucleus and centrosome, can rarely be changed 
by artificial means. 

6. Regulation in the cleavage process. Evidently connected 
with this persistent organization of the cell is the power of regu- 
lation which is shown in the cleavage of the egg as well as in the 
regeneration of adult parts. Whenever the size or constitution 
of blastomeres of Crepidula have been changed, or when cleavages 
have been suppressed, subsequent cleavages come back to the 
normal form so far as this is possible. The original disturbance 
can be righted only very gradually if at all, since neither yolk, 
cytoplasm nor nuclei can pass through cell membranes, and the 
only redistribution of substances possible is by means of new cell 
divisions. But in Crepidula the divisions following upon such 
a disturbance of the usual cleavage process are almost if not en- 
tirely normal. This is very evident in the divisions following upon 
disturbances of the first two cleavages. All of the yolk may be 
centrifuged into two of the macromeres and practically all of 
the cytoplasm into the other two, as in figs. 16, 19, 21, 23, gL al; 
two of the ‘macromeres’ may be very small and two very large, 
as in figs. 16, 21, 23 to 28; or one of these first two cleavages may 
be suppressed, as in figs. 22 and 26; but if such abnormal eggs 
are allowed to develop under normal conditions, the micromercs 
are formed in' normal manner, as is shown in figs. 24 to 28 and 32 
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to 37. Whatever the content of the different macromeres may 
be, whether purely protoplasmic or entirely yolk the micromeres 
are always protoplasmic, even though division must be delayed 
until the cytoplasm which goes into the micromeres can be formed 
from yolk (figs. 24, 31, 35); whatever the size of the macromeres, 
the micromeres formed from them are approximately normal in 
size, even though yolk-rich cells must give up most of their cyto- 
plasm (figs. 24, 31, 35), or protoplasmic micromeres must divide 
equally (figs. 25, 28), in order to give rise to micromeres of the 
usual size. 

Such regulations of cleavage are probably caused, in the case 
of Crepidiila, by the persistent polarity of each cell, which in 
turn leads to the localization of the spindle in a definite axis, 
with its pole at definite distance from the surface of the cell. 
In what manner the polarity of the cell may cause the localiza- 
tion of the spindle is clearly shown in the cleavage of Crepidula. 
In former publications (’90, ’02) I have called attention to the 
fact that definite movements of cell substance take place in divid- 
ing cells, and that these movements serve to orient the spindles; 
these movements are always related to the polarity of the cell 
and to that of the entire egg. Furthermore, I have elsewhere 
(’02) called attention to the fact that the ceil membrane is weakest 
opposite the poles of the spindle. I was formerly of the opinion 
that this was due to some influence of the spindle on the cell 
membrane, but a further study shows that these weak places in 
the cell membrane are present before the spindle forms and can 
not therefore be caused by the spindle. In the egg shown in fig. 
29 the places of reduced tension on the cell membrane are indicated 
by the lobes of yolk attached to the cells, and a line drawn through 
the centrosome, nucleus and lobe indicates the precise position 
which the spindle will take at the next cleavage. The axes of the 
third cleavage spindles arc here marked out long before the spin- 
dles are formed ; the weak spot in the cell membrane is not caused 
by the position of the spindle, but the latter is the result of the 
former. Experiments on eggs in the 2-cell, 4-cell and 8-cell stages 
of cleavage show that the positions of the points where the mem- 
brane is weakest, change in each cell generation and that they 
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always mark out the position of the spindle. These lobes are 
formed only when the egg is subjected to pressure and then only at 
those points on the cell surface which mark the position which 
will be taken by the poles of the spindle. Since the spindle axes 
change in successive cleavages it follows that this point of reduced 
tension also changes in successive cell generations. 

I conclude therefore that the position of the spindle, and all 
the morphogenetic results which follow from this^ is dependent 
upon the polarity of the cell; which polarity manifests itself 
not only in the localization of cytoplasmic substances, but also, 
and more fundamentally, in definite movements of the ooplasm 
and in reduced tension of the cell membrane at the poles of the 
cell. 


GENERAL SL^IMARY AND INDEX 
Fart I. ()bservaiio7is 

1. The equality or inequality of cell division in normal cleavage 
is due to internal causes, rather than to the presence of metabolic 
substances, such as yolk, within the cell or to pressure from with- 
out. These internal causes are to be found in the polarity of the 
cell, in movements of the cytoplasm, and in the structure of the 
cell membrane. Since the position and axes of the spindles change 
regularly in successive divisions this protoplasmic organization 
must also change regularly (pp. 6-9). 

2. The yolk-lobe is a temporary extrusion of yolk or ooplasm 
during mitotic pressure, at the former point of attachment to the 
ovarian wall and a little to one side of the vegetative pole. If 
this lobe is large, the resulting cleavage is unequal, although the 
furrow cuts through the chief axis and the center of the egg. The 
degree of inequality of the first and second cleavages is measured 
by the size of the yolk-lobe. The yolk-lobe is the result of an 
unsymmetrical distribution of yolk or egg substance with refer- 
ence to the egg axis (pp. 9-11). 

3. In Crepidula plana the Kernplasma-Relation varies greatly 
in different blastomeres and at different stages, depending chiefly 
upon the length of the resting period (interkinesis). In cases 
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where nuclei and cells are measured at their maximum size it 
varies from 14.5 to 0.37 ; at mean size from 35.7 to 1.1 ; at minimum 
nuclear and cell size it varies from 285 to 29. In protoplasmic 
blastomeres, which contain no yolk, the Kernplasma-Relation 
varies from 14.5 to 8.7, when the nuclei are at their maximum size; 
and from 35.7 to 7, when the nuclei are at mean size. In Fulgur, 
at mean size, it varies from 127.7 to 3.6 (pp. 16-24). 

4. In different eggs, corresponding blastomeres have approxi- 
mately the same Kernplasma-Reiation; but in different blasto- 
meres of the same egg or of different eggs the Kernplasma-Relatioh 
is neither a constant nor a self regulating ratio. It appears to 
be a result rather than a cause of the rate of cell division, and con- 
sequently a variable rather than a constant factor (pp. 24-25). 

5. In the tissue cells of adult Crepidulas there is no marked 
increase of cytoplasm over nucleus, as compared with the blasto- 
meres. The Kernplasma-Relation of various adult epithelial 
cells, not filled with metabolic products, varies from 28 to 7 ; in 
oocytes and ganglion cells it varies from 6 to 3 (pp. 25-28). 

• 6. The size of the nucleus is dependent upon at least three 
factors: (a) The initial quantity of chromatin (Boveri); (b) 
The volume of the cytoplasm; (c) The length of the resting period 
(p. 25). 

7. The inciting cause of cell division in Crepidula is not found 
solely in the limitations of the working sphere of the nucleus 
(Strasburger), nor in the doubling of the volume of the chromo- 
somes (Boveri), nor in a Kernplasma-Spannung (Hertwig), but 
rather in the coincidence of centrosomal, chromosomal and cyto- 
plasmic rhythms, which are probably connected with the rate and 
nature of metabolism in the cell (pp. 29-32). 

8. During the cleavage of the egg of Crepidula plana the volume 
of the cytoplasm more than doubles between the 1-cell and the 
24-cell stage the average growth for each division being about 
6 per cent; the yolk decreases in volume by nearly one-half and 
the entire egg is smaller at the 24-cell stage than at the 1-cell 
stage. This can only mean that the yolk contributes to -the 
growth of cytoplasm during the cleavage period (pp. 32-36). 
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9. The average nuclear growth during cleavage is not more 
than 5 per cent to 9 per cent for each division up to the 32-cell 
stage and it may fall as low as 0.3 per cent to 1 per cent for each 
division after that stage; and in every case it falls far short of a 
doubling, or increase of 100 per cent, for each division (pp, 30- 
44, 54, 55). 

10. Both nuclear sap and linin belong to the cytoplasm as well 
as to the nucleus. The chromatin is the most distinctive nuclear 
substance. All of these constituents are more abundant in large 
cells than in small ones. The mitotic spindle is of both nuclear 
and cytoplasmic origin and its size depends upon the volume of 
both nucleus and cytoplasm (pp. 44-47, 55). 

11^ The average growth in volume of chromatin from the 2- 
cell to the 32-cell stage is about 8 per cent for each division period, 
being about the same as the growth of the nucleus as a whole 
(pp. 47-48, 55). 

12. The chromosomes become individually smaller as cleavage 

progresses, and in general small nuclei give rise to smaller chromo- 
somes than do large nuclei (pp. 48-51, 55). ' . 

13. The size of the nucleoli (plasmasomes) depends upon the 
size of the nucleus and the length of the resting period; the larger 
the nucleus and the longer the resting period, the larger the plas- 
masomes become (pp. 51-53, 55-56). 

14. Centrosomes and spheres of large cells are larger than those 
of smaller ones (pp. 53, 56). 

15. The rate of growth of chromatin during the early cleavages 
of Crepidula (8 per cent for each division) harmonizing with the 
slight rate of increase of the oxidative power of the egg as de- 
termined by Warburg (p. 56). 

16. My observations do not support the view that senescence 
is due to a decrease (Minot), or an increase (Hertwig) of nuclear, 
as compared with protoplasmic material; nor that rejuvenescence 
is accomplished during cleavage by the great increase of nuclear 
material relative to the protoplasm. On the other hand senes- 
cence seems to be associated with a decrease, rejuvenescence with 
an increase of metabolism (Child). Anything which decreases 
the interchange between nucleus and cytoplasm, such as products 
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of differentiation and metabolism within the cell, or a dense nu- 
clear membrane, decreases metabolism and leads to senescence; 
anything which facilitates this interchange increases metabolism 
and leads to rejuvenescence. It is suggestive that in early devel- 
opment increased oxidation is associated with fertilization and 
mitosis (Loeb, Lyon, AVarburg) (pp. 57-62). 

Part II. Experiments 

17. By centrifugal force the substance of the eggs and blasto- 
ineres of Oepidula may be stratified into a zone of heavy yolk 
at one pole, a zone of lighter oil and water at the other pole, and 
a zone of clear cytoplasm between these two; and since these 
eggs orient but slightly if at all while being centrifuged, the axis 
of centrifuging and of stratification may form any angle with the 
egg axis. In the early development of Crepidula the volume of 
yolk is much greater than the volume of cytoplasm and conse- 
quently the latter may be displaced to any side of the center of 
the egg or blastomere (p. 64). 

18. On the other hand the mitotic figure, after the prophase, 
can be moved only with great difficulty, and owing to this fact 
the substances of a cell can be distributed in very atypical man- 
ner with respect to the poles of the spindle and the resulting daugh- 
ter cells. In this way all the yolk present in a dividing cell may 
be thrown into one of the daughter cells, and almost all of the 
cytoplasm into the other (p. 64). 

19. These experiments show that the spindle is a specific 
structure and not merely a dynamic expression of lines of force. 
It remains in position and functions normally when the substance 
in which it usually lies is completely replaced by other substance. 
The spindle fibers are denser than the general cytoplasm and 
may be stretched, shortened or bent by pressure (p. 65). 

20. If centrifuging occurs during the second maturation divi- 
sion, when the poles of the egg are clearly marked, the yolk may 
be driven to the animal pole and the cytoplasm to the vegetal 
pole, the spindle may be much elongated and a giant polar body 
may be formed (fig. 11). In such cases the sperm nucleus, which 
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enters the egg near the vegetal pole, lies in a cytoplasmic field, 
the egg nucleus in a yolk field, and the former grows more rapidly 
than the latter, thus reversing the usual size relations of the germ 
nuclei. The relative size of the germ nuclei is dependent upon 
the volume of the cytoplasm in which they lie as well as upon the 
length of time that the sperm nucleus has been in the egg (pp. 
67, 75). 

21. If centrifuging occurs during the cleavage almost all the 
yolk present may go into one daughter cell, almost all the cyto- 
plasm into the other (figs. 16, Ifi). Under these circumstances 
the subsequent growth of the daughter nuclei is proportional to 
the volume of the cytoplasm of the middle zone in which they 
lie. Neither the yolk nor the substances of the lighter zone con- 
tribute directly to the growth of the nucleus (pp. 75-76) . 

22. The size of spindle, centrosome, and sphere in any cell is 
not definitely fixed, but may be modified by altering the quantity 
of cytoplasm; the larger the quantity of cytoplasm in a cell, the 
larger are all the structures named (p. 77). 

23. The rhythm of division may be modified, but only to a 
slight extent, by altering the quantity of cytoplasm in a cell. 
In general, cells rich in cytoplasm divide a little earlier than those 
poor in this substance; but though the quantity of cytoplasm in 
a cell and the size of its nucleus may be greatly changed by cen- 
trifuging, the rhythm of cleavage is but slightly changed (p. 77). 

24. When the daughter chromosomes at one pole of a spindle 
are left in a cell composed almost entirely of yolk, they do not 
form a vesicular nucleus until yolk has been dissolved and a 
certain amount of cytoplasm has been formed around the chromo- 
somes. It is evident that something, perhaps an enzyme, is given 
off from the chromosomes or chromatin, which leads to the trans- 
formation of yolk into cytoplasm; this cytoplasm is in turn taken 
up by the chromosomes and ultimately contributes to the growth 
of the chromatin, (pp. 77-78). 

25. The typical size, position and constitution of blastomeres, 
and consequently the type of cleavage, do not depend upon exter- 
nal or internal pressure, but upon a definite polarity, symmetry 
and movement of the cell contents, and upon reduced surface 
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tension at the poles of the cell. Therefore, the causes of. equal 
or unequal, differential or non-differential divisions are intrinsic 
rather than extrinsic (pp. 78-81). 

26. Whenever the size, constitution or number of blastomeres 
is changed from the typical condition, subsequent cleavages come 
back to the normal form so far as this is possible. This regula- 
tion in cleavage is connected with a persistent polarity of the cell, 
which is not changed by centrifuging, and which manifests it- 
self in a definite cell axis passing through nucleus and centrosome, 
in typical movements and localizations of cell contents, and in 
reduced tetision of cell membrane at the poles’ of the cell (pp. 
81-83). 
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DESCRIPTION OF FIGURES 

*A11 figures (with the exception of figs. 9 and 10) represent entire eggs of Crepid- 
ula plana, fixed, stained, and mounted on slides. They were drawn with the aid 
of a camera lucida under Zeiss Apochromat 3 mm., Ocular 4, and represent a mag- 
nification of 333 diameters. In the centrifuged eggs, the axis of centrifuging is, 
in many cases, indicated by an arrow, the head of the arrow marking the distal 
(heavy) pole and the tail of the arrow the central (light) pole. In figs. 12 to 19, 
and 29 to 37 the first cleavage is in the long axis of the page, the second cleavage 
(figs. 18 and 19) is .at right angles to this. In figs. 21 to 28 the first cleavage runs' 
across the page, the second, lengthwise of it. 
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Figs. 1-0 Successive stages in the development of the egg of C. plana, sliowing 
the maximum sizes of the nuclei of the macromcres. Fig. 1, 4-celL, just before 
third cleavage; fig. 2, S-cell, just before fourth cleavage; fig. 3, IG-cell, just before 
fifth cleavage; fig. 4, 24-celF ju.st before sixth cleavage in macromere 3D; fig. 5, 
42-cell, Just before sixth cleavage in.macromeres 3A-3C; fig. 6, Castrula, just 
before seventh cleavage of the macrumeres. 
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Fig. 7 2-cdl stage of C. plana. The nuclei just before the second cleavage are 
24ju in diameter. 

Fig. 8 12-cen stage of C. plana. The nuclei in the first quartet of micromeres, 
la-ld, three of which are dividing, are 14^ in diameter at their maximum size. 

Fig. 0 Chromosomes from four different spindles of the second cleavage, all 
in the metaphase and all magnified 2000 diameters. 

Fig. 10 Chromosomes from four different spindles of the cells la-ld, all in the 

inetaphase and all magnified 2000 diameters. 

Fig. 11 Egg centrifuged ten minutes after formation of first polar body and 
during formation of second; fixed three hours after centrifuging. Telophase of 
second maturation division; indication of formation of enormovis second polar 
body. The size of nuclei is dependent upon quantity of cytoplasm in which they 
lie. 

Fig. 12 Centrifuged fifteen minutes in gum arabic, fixed three hours later. 
Evidently centrifuged during first cleavage; almost all of the cytoplasm is in the 
smaller cell. The size of the nuclei is proportional to the quantity of cytoplasm. 
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Fig. 13 Centrifuged five hours (2000 revolutions per minute) during the first 
cleavage; fixed at once; structure similar to preceding. 

Fig. 14 From the same experiment as the preceding. Size of nuclei is propor- 
tional to the quantity of clear (granular) cytoplasm; yolk and oily or watery con- 
stituents of the cytoplasm do not influence nuclear size. 

Fig. 15 From the same experiment as the preceding, and showing similar 
results. 

Fig. 16 Centrifuged thirty minutes; fixed twenty hours after centrifuging. 
Egg has not developed. Enormous difference in the size of sister nuclei. 
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Fig. 17 Coiitrifugtid four hours (2000 revolutions per minute); fixed six hours 
after. Fvidently centrifuged during first cleavage. The cleavage plane does not 
pass (hrougli the ])ohir axis. The spindles are proportional to the size of nuclei 
from which they wore formed, and to the volume of cytoplasm in which they lie. 
They are not |)arallt‘l to the plaiie of the first cleavage, which is here out of its 
normal ]>osition. 

Fig. 18 Centrifuged fifteen minutes in gum arabic; fixed three hours after. 
Evidently centrifuged during first cleavage. The second cleavage appeared 
earlier in tlie more protoplasmic ceils (A and B), tlian in the others. 

Fig. 19 Centrifuged thirty minutes; fixed six hours later. Evidently centri- 
fuged during the first cleavage. The size of the nuclei is plainly dependent upon 
the volume of the cytoplasm in which they lie. 

Fig. 20 Oentj-ifuged four hours, (2000 revolutions per minute); fixed at once. 
Evidently centrifuged during the second cleavage; the daughter nuclei are pro- 
portional in size to tlie volume of cytoplasm in which they lie. 



CELL SIZE AND NUCLEAR SIZE 


95 



Fig. 21 Centrifuged thirty minutes; fixed a,t once. Centrifuged during tlie 
second cleavage, which w^as thus made very uneciual, two of the mucTOincre.s 
(A and D) containing all the yolk and the other two (/i and C') being small and 
purely protoplasmic. 

Fig. 22 Centrifuged thirty minutes; fixed twenty-one hours later. The second 
cleavage was suppressed. Two spindles for the third cleavage are present in each 
cell, but the cell body shows no signs of division. 

Fig. 23 Centrifuged thirty minutes, during the second cleavage; fixed six hours 
later; two of the macromeres are small and protoplasmic; tetrasters are present in 
the other two. 

Fig. 24 Same slide as preceding. All of the macromeres have given rise to 
normal raicromeres of similar size, although two of the macromeres are small and 
purely protoplasmic while the other two are large and contain much yolk and little 
cytoplasm. 
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Fig. 25 Same slide as preceding. The minute protoplasmic ‘macromeres' 
(.4 and D) have divided equally into the macromeres iA and ID and the micro- 
meres la and Id. The other macromeres {B and C) have given rise to micromeres 
somewhat larger than usual. 

Fig. 26 Centrifuged for thirty minutes during the second cleavage; fixed twelve 
hours later; the nuclear divisions of the second cleavage were completed, but the 
cell divisions were suppressed. Each of these two bimicleate macromeres has 
given rise to two first, and two second quartet cells, just as if four macromeres 
were present, and each of these micromeres has subdivided in approximately nor- 
mal manner and is uni-nuclear. 

Fig. 27 Centrifuged for thirty minutes in 2-cell stage; fixed six hours later. 
Micromeres formed from protoplasmic macromeres are of the same size as those 
formed from large yolk macromeres. 

Fig. 28 Same as preceding. The regulation in the formation of micromeres 
is complete. 




Fig. 29 Centrifuged four hours (2000 revolutions per minute); fixed at once. 
The yolk was thrown out into lobes, one of which has been detached; the smaller 
nuclei are in the smaller cells. 

Fig. 30 Centrifuged ten minutes in gum arabic during first cleavage; fixed four 
hours later. Asters and spindles are proportional to the volume of the cytoplasm. 

Fig. 31 Centrifuged four hours during the first cleavage; fixed six hours later. 
Most of the cytoplasm is in the smaller macromcrcs and these have divided earlier 
than the larger ones. At least one-half of the cytoplasm in the larger macromcrcs 
goes into the micromeres. The first cleavage is not strictly meridional and the 
spiral form of division is lost. (For explanation of figs. 32 and 33, see p. 98). 
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Fig. 32 From the same slide as the preceding. Though the macromcres differ 
in size and protoplasmic content, the micromeres are all of the same size. 

Fig. 33 Centrifuged ten minutes in gum arabic; fixed four hours later. The, 
protoplasmic macromeres are dividing earlier than the others. The size of the 
micromeres does not depend upon the quantity of cytoplasm in the macromeres 
from which they came. ^ . j 

Fig. 34 Centrifuged two and one-half hours ; fixed twenty-one hours later, 
size of the micromeres is almost irrespective of the size of the macromeres'^I^K^ 
it is nearly independent of the amount of cytoplasm in the macromeres. " 

' J Fig.' 35 Centrif aged thirty minutes during the first cleavage; fixed twelve hoi^ 
The micromeres from the protoplasmic macromeres are but little 
those from the yolk cells. 

^Big. 36 From the same slide as the preceding, showing essentially the sapll^ 
L^onditions. J 

- ^ 37 From the same slide as the preceding. The cell 4-c forms at the sam^’ 
as jfd, though in normal eggs it is formed much later. 



STUDIES ON THE PHYSIOLOGY OF REPRODUC TION 
IN THE DOMESTIC FOWL 

V. DATA REGARDING THE PHYSIOLOGY OF THE OVIDITT^ 
RAYMOND PEARL axd .^rAY^ 11^: R. ('UHTIS 

FOUR Fir.URKS 

IXTHODUCJTIOX 

Tlie oviduct of a laying hen is divided into five main parts, 
loadily distinguishable by gross observation. Beginning at the 
cranial end of the organ these parts, in order, are: (a) the 
infundibulum, or funnel, (b) the albumen secreting portion, (e) 
the isthmus, (d) the uterus or 'shell gland’ and (e) the vagina. 
Each of these parts is generally supposed {tede the existing liter- 
ature) to play a particular and exclusive role in the formation 
of the protective and nutritive envelopes which surround (he 
yolk in the complete egg as laid. Thus the funnel gras])s the 
yolk at (he lime of ovulation; the glands of the al!)umen region 
secrete the different sorts of albumen (thick and thin) found in 
the egg; the shell membranes are secreted in the isthmus; and 
hnally the glands of the uterine wall secrete the calcareous shell. 
This is in brief the classical picture of the physiology of the oviduct. 

The gross anatomical appearance and relation of (lie several 
parts of the oviduct of the fowl are shown in fig, 1. 

' pRj)(‘rs from the IRological Laboraloiy of the Maine l^xperinieiit 
No. 33. The previous paj)er8 in this scM’ies of " St udie.s on the Pliysi^'togy of 
Rc])roduction in the Domestic Imw]" are: 

i. Regulation in theinorphogenclic activity of the oviduct. .Jour. hAj). Zobl., 
vol. {'), pp. 339-359, 1909. 

fr. Data on the inheritance of fecundity obtained from the re<‘<)rds of egg pro- 
duction of the daughters of ‘^OO-egg’ hens. Maine Agiictdl iiral Experiment 
Station, Animal Report for 1009, pp. 49 84. 

m. .V case of incomplete horma])liroditisn]. liiolugical Bulletin, vol, 17, pp. 
27l-2S(i, im. 

IV. Data on certain factor.s influencing the fertility and hatcliing of eggs, 
Maine Agricultural Experiment Station. Annual Report for lt)()0, pp. 1()5M()4. 
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Fig. 1 Photograph of a hon’s oviduct which has been removed, slit longitudi 
nally throughout its length and opened out flat in order to show the gross anatomy. 
In order to get the whole duct on the photographic plate it was necessary to tran- 
sect it at about the middle. A, the infundibulum. Note muscle fiber.s in wall 
and absence of any extensive gland development. B, albumen secreting portion; 
note heavy glandular development. The albumen portion ends and the isthmus 
begins at x. The line of demarcation is very distinct in the freshly prepared ovi- 
duct. C, the isthmus, D, the uterus or shell gland. E, the vagina; about one- 
third natural size. 
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► past experiments and observations have been 
Uy carried on in this laboratory with the object of 
more extended and precise knowledge of the physi- 
r hen^s oviduct than is to be gained from the literature. 
It purpose of this paper to present a certain part of the 
res^ife OTtamed bearing upon the physiology of two of the lower 
(dhudal) morphological divisions of the duct, namely, the isthmus 
and the uterus. Our results indicate that these portions of the 
oviduct perform certain functions which have not hitherto been 
observed or described. 

S far as we are ‘able to learn from the existing literature the 
)n has been held by all who have worked upon the subject 
that the particular functional activity of each portion of the 
oviduct (as above described) is limited to that portion. Thus 
it is commonly held that when an egg in its passage down the 
oviduct leaves the albumen portion it has all the albumen it will 
ever have; when it leaves the isthmus it has all its shell mem- 
branes; and when it leaves the uterus all its shell. On this pre- 
vailing view there are in the albumen portion only albumen 
secreting glands; in the isthmus only membrane secreting glands; 
and in the uterus only shell secreting glands. We were first led 
to doubt the entire adequacy of this assumption by the observa- 
tion, frequently made in connection with routine autopsy work, 
that eggs in the isthmus with completely formed shell membranes, 
and eggs in the uterus bearing in addition to the complete shell 
membranes a partially formed shell, weighed considerably less 
than the normal average for laid Barred Plymouth Rock eggs. 
This observation led to an inquiry as to whether (a) this apparent 
lower weight of presumably completed, but not laid eggs, as 
compared with those which had been laid, was a real phenomenon 
of general occurrence, and (b) if so, to what it was due. Does 
the egg increase in weight after the formation of shell membranes 
and shell merely by the absorption of water, or by the actual 
addition of new albumen? These are the problems with which 
the present paper has to do. 

We may now turn to the consideration of the observational 
and experimental data. 
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TIIK nrSTRIBUTIOX OF THE DIFFERENT KINDS OF ALBUMEN IN 
THE EGG 

In the normal egg of the hen there are certainly three and 
possibly four different albumen layers which can easily be dis- 
tinguished on the basis of physical consistency. These are: 
(A) the chalaziferous layer. This is a thin layer of very dense 
albuminous material which lies immediately outside the true 
yolk membrane. It is continuous at the poles of the yolk with 
the ohalazae, and is undoubtedly found in connection with those 
structures. It is so thin a layer that it might well be, and often 
lias been, taken for the yolk membrane. (B) The inner layer 
of fluid (thin) albumen. This layer is only a few millimeters in 
thickness and there is some doubt as to its existence as a sep- 
arate, distinct layer. (C) The dense albumen. This is the layer 
which makes up the bulk of the ^white^ of the egg. It is com- 
posed of a mass of dense, closely interlaced albumen fibres, with 
some thin fluid albumen between the meshes of the fibrous net- 
woi’k. The dense albumen as a whole will not flow readily, but 
holds itself together in a flattened mass if poured out upon a 
plate. (D) The outer layer of fluid albumen. This is the prin- 
ciple layer of thin albumen, which makes up the fluid part of 
the ‘ white’ observed when an egg is broken. 

Three of these layers, A, C, and D are readily demonstrable 
and there can be no question whatever as to their existence. 
Regarding the existence of B as a separate and distinct layer 
there is more doubt. Gadow- definitely asserts the existence of 
such a layer in the following words: ^‘Dicht auf der Dotterhaut 
befindet sich eine dunne Lage des fliissigen Eiweisses.’’ It is 
possible that what has been taken by previous observers to form 
this layer B is only a little thin albumen squeezed out of the 
meshes of the dense layer (C) when the egg is broken. 

Let us now consider the distribution of the different sorts of 
albumen in eggs at different stages in their passage down the 
oviduct. The following extracts from autopsy protocols are to 
the point here. 

• Gadow, H., Vogel (Anatomischer Thcil); in Bronn’s Klassen und Ordnungep 
dcs Thier-Roiehs. Leipzig, 1891, p. S69, 
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Autopsy No. S70. Hen No. 952. March W, 1910 

Egg found in the albumen portion of the oviduct 11 cm. in 
front of the cranial end of the isthmus. This egg consisted of 
a yolk surrounded by thick albumen (layer C) but with no trace 
whatever of the albumen layer D. Not yet having entered the 
isthmus the egg lacked a shell membrane. 

Autopsy No. 382. Hen No. 1^20. December 22, 1909 

This case was similar to that just cited. Here an egg Mas in 
the albumen portion of the duct with its caudal end 6 cm. in 
front of the cranial end of the isthmus. The egg consisted of 
yolk surrounded by dense albumen (layer C). There M^as no 
trace of the thin albumen (layer D) to be obseiM^d. The egg had 
no shell membrane. 

Autopsy No. 366. Hen No. 276. March IS, 1910 

Egg in albumen portion of oviduct with its caudal end 4 cm- 
ill front of the cranial end of the isthmus. This egg had no shell 
membrane. The yolk was surrounded by thick albumen (layer 
C). The egg bore no trace of the thin albumen (layer D), even 
though it was only this short distance (4 cm.) from the point 
where the ^albumen secreting’ portion of the duct was finally 
to be left. 

Autopsy No. SOI. Hen No. ES9. July 14, 1909 

WTien this bird was killed an egg was found at the lower end of 
the albumen portion of the oviduct just about to enter the isthmus. 
Not yet having entered the isthmus the egg had no shell membrane 
upon it. It consisted merely of a yolk surrounded by albumen. 
The outermost layer of this albumen was dense and corresponded 
to lay»r C described above. There was no trace of thin albumen 
(layer D) on this egg although it was just on the point of leaving 
the so-called albumen region of the oviduct. 
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AtUopsy No, 369, Hen No. 1^54* 


Egjg^in the lower end of the albumeh j)6rtl$h 
jmi at the point of entering the isthmus. TUm i 
brane. The yolk was surrounded by albumen^] 

C. No trace of the outer thin albumen (layer D) was to be fouil 
All these cases agree in showing that the egg does notreceim Vie 
outer layer of thin fluid albumen (layer D) during its sbjoum in 
the so-called aUmmen secreting portion of the oviduct. While but 
five specific autopsy records are cited here it is only fair to say 
that this result is confirmed by all our experience with egp in 
the albumen secreting portion of the oviduct. This e?^iienoe 
covers many more than the five cases given here. These cases are 
chosen as particularly significant, however, because in them we 
have definite quantitative records of the exact location of the egg 
in the albumen portion. The successive autopsy records show 
that beginning with an egg 1 1 cm, away in front of the isthmus 
and going downwards in the duct until the actual boundary of 
the isthmus is reached, there is no qualitative change in the albu-> 
men secretion. Whatever albumen is added to the egg imme- 
diately prior to the formation of the shell membrane, is of the 
dense fibrous variety (layer C), so far as direct observation indi- 
cates. The fact that there is no thin albumen on the egg when 
it enters the isthmus is shown in fig, 2, In this figure A shows an 
egg of hen No. 8018 which was removed from the upper part of 
the isthmus. The thin membrane which had been formed was 
removed; the egg placed in a Petri dish and photographed. For 
comparison a normal laid egg from hen 8018 was broken into a 
Petri dish in the same way. Its photograph is shown in fig. 2, B, 
It is at once apparent that there is a great difference between the 
two eggs in respect to amount and consistency of albumen. In 
the egg which had just left the albumen portion of the oviduct 
(egg A) the albumen is of firm consistency and retains ita'&pe, 
forming a compact mass about the yolk. In the laid egg 
the albumen is much thinner, and does not hold its sha^i^pllk 
flows out over the bottom of the dish. 
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('I'lU'ial (*vi(h‘n(‘(? is here ufforded by those cases occasionally 
to b(‘ obsejAA'tl, wliia'e the is just entering the isthmus, and 
has OIK* end in tin* all)unK*n portion of the duct and the other end 
in the isthmus. It was first point{*d out by C'oste'^ that tlie forma- 
tion) of tlu* s1k‘11 membraiK* at th(* up[)er end of tiie isthmus is a 
discr(*t(* proc(*ss. That is, as the (*nd of tlie egg advances from 
tin* aibuuHai ])orti()n into the isthmus, m(*mbrane is depositeol 
upon it. T]w nK*ni})]‘an(* is c()m])l(*t(* o\'er tlu* whole egg oidy 
aft (‘i' t h(* (‘gg has entiro'ly passed into tlu* isthmus. This account 
of ni(*mbi'ane ({(‘position wo* hav(* confirmoHl by dir(*(*t observation 
in this laboratory. Xow in cas(*s where one-half of tlu* (‘gg li(*s 
within the isthmus and b(*ars a iiKmibi'am* whik* th(* ollua- half 
is in tlu* albuiiKm portion and has no m(*mbi-an(‘ it can plainly 
be s(‘(*n that lli(‘ shell nicdfhro nc is deposilvd direclitj on Ihc oiiler 
sarfocc of lltc Ihlrh (ilhufficn [hiijcr (f) and dial no [race of die lliin 
(dhntnen [lojicr D) is preseid at Ihe time the tnenihrane is fonnvd. 

It might b(‘ c()nl(*nd(‘d that the thin allrunren which is to form 
lay(M‘ I) is i'(*ally |)r(‘sent at tlu* tinu* tire meml)ran(‘ is d(‘|)osit(‘(l, 
but that inst('ad of forming a s(^parat(* outer layer- it is li{*ld by 
adhesion oi' otlu'i'wise within the meshes of tire lilu-ous network 
of tlu* d(*ns(* albunu'u of lay(*r- ('. On this view it might be sup- 
pos{*d that this iiioi-o* fluid albumen ])ass{*s out of the network to 
form a dr'firiile and s(*par‘at(' layer at some time aftiu' the m(*r)i- 
br-ane is laid down. This (‘ont(*ntion, h()we\'er‘, cannot be (“()i“r{M*t. 
beeaus(', as will b(* demonstrated in the next section of the pap(‘r, 
tlu* (‘gg (l(K*s not have its full c()m])leinent of albumen by weight 
at the time when the shell membrane is formed. The fluid 
albunten of layer* I) slujuld weigh just as much, whether in the 
iiit(*rstie(*s of a fibi-ous meshwoi'k, or forming a sc^parate layer, 
^'el the facts show that after a thin rdbumen tlayer D) has Ix'err 
visihljf fornuat the egg contains by wTight about dO i)er cent more 
album(‘n tlian it did l)eforc this layer was visibly torined. 


*(‘osf(‘. M., I lisioinMliulevclopjX'iiinU dcs corps ui'guius^s, tome 1, p.29.5, 1S47. 
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Tin: PUOPOUTIOXATK WKKni'j' OP YOLK AXI) AIJiUMKX IX IXiOS 
IX DILFIORKXT STAOl'S Ol' I'OHMA'ITOX 

Having learned by direct observation, as sot forth in the 
preceding section that the egg as it enters tlie isthmus does not 
visibly bear the outer layer of thin albumen, tlie next step in 
the analysis is to detei'inine whether the amount of allnimen (by 
weight; in tlie egg definitely iiu'reases during its sojourn in tlie 
isthmus and uterus, and if so to what extent. In onhu' to do this 
it is necessary to tak(‘ eggs at succ(‘ssi\-(‘ intervals aft('r th{\v have 
t'litered the isthmus, set)arate and weigh yolk and albumen (‘acli 
by itself, and tlien (“ornpare the weights so obtairu'd with ihi‘ 
wtMghts of yolk and albuiiKMi in normal, complet(‘ly f{)rnied and 
laid eggs prodmaal by the sanu' individual birds. Mxjxa'iments 
of this kind we have (■ar]’i(‘d out with th(‘ results d{‘sci-ibed in 
I Ills section of the pa[)er. 

It should be said that the techniciiie followed in the separating 
and w(aghing of the eggs to furnish t]ies(‘ data is that dest-ribed 
by OIK' of the authors in another place. 

Talile 1 gives data r('garding the weiglit of yolk and albumen 
in eggs which luu'e compk'ted their ])assag(' thi'oiigh the albumi'ii 
secreting portion of the oviduct, and have advanced varying 
distances into the isthmus and shell gland. The data here given 
arc extracted from tiu' moi'e detailed table ('xhil)it('d in the Vjipen- 
dix of this })a|jer. 

The plan of table 1 is to comj)are the weights of the ])arts of 
a seri('s of eggs taken fi'om different k'vels of the ovidmd with the 
weights of the same parts in normal laid eggs of the same birds. 
Owing to tlie considerable individual varialhlity in the weights 
of eggs it is only by such comparisons as this that reliable results 
may be reached. To determine the means for the normal laid 
egg varying numbers of eggs wen' used in different (*ases. In 
one instance (item oj only one laid egg w as ax ailable for (‘ompari- 
>on. In all other (*ases tlie mean of twm or more complete nor- 
mal, laid eggs ai'C used. It will be noted t hat in some cases 

MJunis. .\I. It., Annual llcpurl Muiiiu Agriniltural Experirncnl Staliini, 1911, 
IM'. 93-112, 
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(items 3, 4, 6, 9, and 15) the weights are given only to one decimal 
place (tenths of a gram). These were eggs studied in the early 
stage of the investigation, and mostly are cases in which the data 
were taken in connection with other studies in progress in the 
laboratory, for which finer weighing was not essential. These 
cases arc to be regarded as giving a much rougher sort of data 
than tlie otliers tabled, where the weighings are accurate to 
hundredths of a gram. In no instance, however, does one of 
tli(‘S(' ‘rough' cases stand alone. That is, there are one or more 
('ggs foi- which finer weighing areHabled from each of the levels 
of tlie oviduct wherefrom a roughly weighed egg was taken. 
Tlu^se ‘ rough' cases then serve merely to confirm evidence ob- 
taitunl from more precise weighing. All differences in the table 
ar(‘ given the + sign when the oviduct egg or its part is greater 
than the laid egg or its part. The differences are taken - when 
oviduct ('gg or its ])art is smaller. The last column of the table 
gives tlu' ])ercentage which the weight of albumen in the oviduct 
egg at the spe(‘ified level is of the mean total weight of albumen 
in tlie normal laid egg of the same bird. This last column then 
shows directly what ] import ion of the total albumen which the 
egg is to have has been laid down at each specified level of the 
oviduct. 

From table 1 the following points are to be noted: 

1. When the (‘gg leaves the albumen portion of the oviduct it 
weighs roughly only about half as much as it does when it is 
laid. Nearly all of this difference is in the albumen. Thus these 
weighings fully confirm the conclusion reached from direct exam- 
ination of tlie ('ggs, as described in the preceding section. The 
(widenc<' tluis far presented shows that the egg gets all of its thin 
albiiiiKui (layer D), which constitutes nearly 60 per cent by weight 
of the total albumen, only after it has left the supposedly only 
albumen secreting portion of the oviduct, and has acquired a 
shell membrane, and the shell is in process of formation. The 
fact that the egg increases considerably in size after it enters the 
isthmus is obvious from simple visual comparison of egg from this 
region of the oviduct with normal laid eggs of the same bird even 
though no weights whatever are taken. 
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Data showing ike increase in absolute and relative weight of albumen ajicr 
has passed through the so-called albumen secreting pari of the oviduct 
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(he egg 

location OV JWO or OVIDUCT 

TOTAL* WEIGHT 

a a 

^ a 

2 E a 
» £ ^ 
it 

h 

0 

2o 

H >• 

% 

s i 

s 

S i4 

< 0 
xr 

o 

O 

z 

H » 

S3 

O (5 

H ^ 
a. 

1. At caudal end of albu- 
men portioa* No mem- 
brane (Hen 8009) 

<;raf7i8 

27 20 

fframa 

0 

15.38 

grama 

11,82 

70 9 

34.2 

Mean of the four previ- 
ously laid eggs of same 
hen.-../. 

57.57 

0.23 

16.79 

34.55 

20.0 S 


Difference. 

-30,37 

-0.23 

-1 41 

-22.73 

-128.9 


2. At caudal end of albu- 
men portion. No mem- 
brane (Hen 8005) 

29.53 

0 

15,87 

13.06 

SOI 

43. f) 

Mean of the nine pre- 
viously laid eggs of same 
hen. 

52.81 

5.79 

15.67 

31 34 

200,0 


Difference. 

-23.28 

-5.79 

-f-0.20 

-17.08 

-113.9 


3. Just entering isthmus, 
little cap of membrane 
on caudal tip. (Hen 
1293) 

29.5 

0 

16.0 

13.5 

84,4 

43.5 

Mean of two iM*eviously 
laid eggs of same hen . . . 

56.25 

9 0 

16,25 

31.0 

190.8 


Difference 

-26.75 

9^00 

: -0.25 

-17.5 

1 -106.4 


4. Entering isthmus. Cov- 


i 





ered with membrane ex- 
cept for a little of crani- 
al tip. (Hen 266F). . . .: 

! 

31.0 

1 

14.0 

10.5 

113.8 

53,2 

Normal egg laid by hen^ 
same day .1 

51.0 

6.0 

14.0 

31 0 

221,4 


Difference 

-20.0 


-bO.5 

-14,5 

-107T^ 


5, Entering isthmus. 







Covered with membrane 
except for a little of crani- 
al tip. (Hen 8027)......! 

1 32.44 

1 

0.24 ' 

I 15.69 

16.51 

105.2 

51.5 

Mean of the four pre- 
viously laid eggs of same 
hen 

54.69 

5.76 

16.87 i 

32.07 

190.2 


Difference 

-22,25 

-5.52 

-1.18: 

-15.56 i 

-8^ 


. i 
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TABLE 1 — Cnntlaued 


LOCATION' OFEUO IN OVIDUCT jj 

H 

o 

crams 

(). Tn upper part of isth- 
mus. Membrane com- 
plete, hut thin. (Hen 


Q H 

o •< ;< 


grams 


a 5 
0 » 
w < 


hi u 
a ^ 



‘JAM) 

32.0 i 

i 

16 5 

15.0 

93.9 48.1 

Mi'uii of two previously; 






laid egKs of same hen, ... 

GO . 5 i 

8.75 ■ 

19.5= 

32.25 

165,4 = 

Difleronce 

-28,5 


-3,0 

-16.75 

-71.5 . 

7. In upj)cr i)art of isth- 

1 





runs. Menibranc thin. 



1 



(Hen 800S) 

28.33 

0 28 

12.57 ; 

15.48 

123.2 49.5 

Mean of the five previously 






laid cfigs of same hen .... 

.50 20 

5 . 54 

13,39 i 

31,27 

233.5 

Difference 

-21.87 

-5.20 

-0,82^ 

-16.79 

-110.3 

S, Tliree cm. below begin- 






ning of isthmus. Mem- 






brane thin. (Hen 13G7) . 

32.08 

0.30 

16 12 

15.57 

96.6 56.9 

Mean of nine previously 






laid eggs of same hen , . . . | 

48.45 

5.40 

15.70 , 

27.34 

174.1 

Difference : 

-10.37 

-5.01 

+0.42 1 

-11.77 

-77.5 : 

9, Two cm. above caudal 





j 

end of isthmus. (Hen; 






415) 

31.0 

2.0 

16.0 

13.0 

81.3 : 50.5 

Mean of two previously 





i 

laid eggs of same hen. . . . ; 

47.5 1 

7.0 

i 14.75 

25.75 

174.6 

Difference i 

-16.5 : 

~5.0 

1 +1.25 i 

-12.75 

! -93.3 1 

10. In lower part of isth-' 



1 



mus. (Hen 8010) 

30.00 

0.53 

14. 04 i 

15.43 

109.9 1 51.3 

Mean of eleven previously 






laid eggs of same hen. . . . 

51.54 

5.77 

15,72 

30,06 

191.2 

Difference 

-21.54 

r -5.24 

-1.68 ' 

-14.63 

; -81.3 

11. In lower part of isth-| 



i 


1 

mus. (Hen 80 18) 

37 27 

0.58 

1 16.37 i 

20.32 

124.1 1 56.4 

Mean of four previously 



i 1 


i 1 

laid eggs of same hen — 

CO, 10 

6.63 

17.42 1 

36.05 

; 206.9 i 

Difference 

-22,83 

; -6,a5 

-1.05 

-15.73 

-82.8 1 


‘ This is too high a value, probably arising from errors in separation of yolk 
and white. These particular data were taken before the refinement of method 
used in later studies had been worked out. 
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TABLE ] — Continued 


0 M rU 


E 0( ATI0N' of egg in oviduct 

j 

\ < 

? 

H a 

E a K 

S 2 3 

lo 

WEIGHT 

At.llUME 

< j 
X' 

c 

C 

^ a 
s ^ 

■A ' 

1 

grams 

gra m s 

3rap«fi 

{;ra/tis 




12. In utPTUs, blit no shell 
found. Egg surrounded 
l>y fluid in uterus. (Hen 
h038) ' 

43 03 

0 70 

17.30 

25.87 

14!) ,5 

71 1 

Mean of four previously 
laid eggs of same hen. . . . 

60.92 

6.76 

17.77 

36,39 

204. S ■ 


Difference 

-16 99 

-6.1X1 : 

-0,47 

-10.52 

-.5 

.5,3 


13, In uterus, but no vis- 


• 






ible shell formed. (Hen 
8030) 

4o lo 

0.96 

17,25 

26 91 

15 

.6,2 ■ 

75 . 5 

Mean of the six previously 
laid eggs of same hen. . , 

o9 22 

6.22 : 

17,34 

i 

35,66 

20 

i5 7 


Difference 

-14 07 

-5.26 : 

-009 

-S.72 

-4 

9.5 


14. In uterus but no vis- 
ible shell formed. Some 
fluid in uterus. (Hen 
8033) 

46 67 

0 ss 

19 13 ■ 

26.66 ^ 

139.4 : 

80.7 

Mean of two previously 
laid eggs of same hen. . . . 

58.99 

6.91 

1904 

33 04 : 

17 

- 1 


Difference 

-12.32 

-6.03 

-^0,09 

-6.38 ■ 

-3 

4.1 


15. In uterus, small 
amount of shell formed, 
(Hen 1061) 

45.00 

4. .50 

15,50 

25.00 

161.3 : 

87. 0 

Mean of two previously 
laid eggs of same hen 

.52.00 

7 50 1 

15 . 75 

28,75 

IS 

2.5 j 


Difference 

' -7.00 

-3.00 : 

-0.25 

-3 75 

-21,2 ^ 


16. In uterus, some shell 
formed. (Hen 8021) 

43.66 

1.35 ; 

15 18 ■ 

27.13 

178.7 : 

95 1 

Mean of three previously 
laid normal eggs of same 
hen 

49 26 

5 IS 

15,56 

28.52 ; 

183.3 ! 


Difference. . , 

-5. GO 

-3,83 

- 0 38 

-1.39 1 

- 

4.6 1 


- - . 







1 
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Thus in fig. 3 are shown (1) a membane covered egg taken from 
the isthmus of the oviduct of hen No. 8018 shortly before it 
would have entered the uterus, and (2) two normal laid eggs of 
the same bird. The larger size of the latter is obvious. The 
isthmus egg is the one at the extreme left in the picture, 

2. It is apparent from examination of the differences in the 
columns giving albumen weights and albumen-yolk ratios that 
in general the farther down the oviduct the egg proceeds the more 
albumen it gets. Very nearly one-half the total weight of albu- 
men of the completed egg is added in the uterus, an organ hither- 
to supposed to be entirely devoted to shell formation. Clearly 
very much more albumen is added to the egg in the uterus than 
in the isthmus. This, of course, does not necessarily mean any 
more rapid rate of secretion in the uterus, because of the time 
element involved. The egg stays much longer in the uterus t)^ 
in the isthmus. 

3. This brings us to a consideration of the question of rate 
of secretion of albumen in different positions of the oviduct. ’We 
have attempted to approach this problem by the graphical 
method. The results obtained are not to be regarded as highly 
accurate in respect to minute details. It is an exceedingly di®- 
cult matter to get very precise data in the individual instances 
regarding time relations in the physiology of the oviduct. W’e 
must therefore depend upon average results. Thq attempt has 
been made in fig. 4 to show graphically the net average resvdts 
from the data collected in this laboratory regarding the time taken 
in the passage of the egg through the several portions of the 
oviduct and the rate of secretion of albumen in the same portions. 
As a measure of the albumen is taken the percentage of the total 
albumen of the laid egg which has been acquired at each specified 
level of the duct. The time is plotted as abscissa, and the per- 
centage of albumen as ordinate. 

It is not possible to recount here in detail all the evidence pn 
which the points in this diagram are based. It would involve 
the presentation of considerable material which has no direct 
bearing on the subject of the present paper. We shall, th^^qrpj 
be obliged to state only briefly, and in some degree categori^ly, 
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4 Diapirani showing*; what jxMCfMil a^;:o of tha total amount of albiimon 
[)H'srtif in tho iKM'Mial laid eg;; of llu' donu'slic foul ia jjri'siait at aui'cassivo lavcds 
in I ho oviduct . d'hosmo<»[h ciii'V(' is tho parabola for whi(di tlu' ocpiation is givtoj 
in tlio U“\t. 


the manlier in which the plotted points were determined. In the 
first |)laee it has been found in our work here that wlien a hen is 
laying n^gularly one egg per day ovulation occurs at approximately 
the same time as laying. That is the oocyte which will be laid 
as a com])leted egg tomorrow enters the infundibulum at the 
time when today’s passes through the vagina and is laid. This 
then is taken as a fundamental datum in the calculation of the 
rate of passage of the egg down the oviduct. 

The mean of all available observations made in (his laboratory 
giv(‘s 3.2 hours as the time required for the passage of the egg 
through the 'albumen portion’ of the oviduct. This includes the 
total time from the entrance of the egg into the infundibulum to 
its entrance into the isthmus. This agrees very well with the 
statements of earlier workers*^ who generally give the time spent 
in the albumen portion of the duct as ‘about’ three hours. 

* Cf. Lillie, K. K. The Developmeiil of tliu Chick. New York, 1908, pp. 23-25. 
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to the time taken by the egg in passing through the 
isthmu^Dur observations are far from agreeing with the state- 
ments on this point in the literature. Taking the mean of all 
available data 0.6 of an hour is found to cover the time during 
which the egg is in the isthmus. All our observations agree well 
amongst themselves, and we are convinced that this figure is 
siibstafilially correct for the breed of fowls here used (Barred 
Plymouth Rocks). This is a much shorter time than earlier 
have estimated. Thus Gadow^ says: ‘^Im Isthmus 
sol! das Ei ungefahr 3 Stunden lang venveilen.^’ Lillie* gives 
the same estimate on the authority of Kdlliker. Patterson^ who 
has published most recently on this matter, while reducing some- 
what the time for passage through the isthmus, still gives a value 
considerably higher than that found in the work of this laboratory. 
His statement is as follows (loc. cit., p. 105): ‘‘The writer finds 
that in a hen kept under normal conditions, the egg traverses 
the entire length of the oviduct in about twenty-two hours. 
The time occupied in the different portions of the oviduct is as 
follows: Glandular portion, three hours; isthmus, two to three 
hours; uterus and laying sixteen to seventeen hours. With all 
parts of this statement except that relating to the isthmus our 
results are in entire agreement. At an early stage of the studies 
in this laboratory on the physiology of the oviduct we were of 
the same opinion as Patterson as to the time taken in passing 
through the isthmus. More extended observations, covering 
a fairly wide range of conditions has convinced us that, as 
already stated, the egg normally takes less than one hour in 
passing through the isthmus. It is, of course, possible that 
there are breed differences in respect to the time the egg stays in 
the isthmus, and that Barred Plymouth Rocks are strikingly 
exceptional in this regard but this hardly seems probable. It is 
more likely that the estimate of earlier workers has been somewhat 
too large. 


‘ Gadow, H., loc, cit., p. 872. 

*Loc. cit, 

® Patterson, J. T., Journal of Morphology, vol. 21, pp. 101-134, 1910. 
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As stated in the preceding paragraphs the points on the time 
or abscissal axis represent the mean or average results of fairly 
extensive experimental data, some of which are not included in 
the present paper. Now we may consider the determination of 
the points plotted as ordinates. At the outstart it should be said 
that no o])servations have yet been made on the rate of secretion 
of albumen at different levels of the ^albumen portion’ itself. 
Therefore from the zero point at ^ovulation’ when the naked yolk 
enters the infundibulum to the beginning of the isthmus we have 
connected the points with a dotted line to indicate that in this 
region no direct observations are available. The first plotted 
point (40.4) at the beginning (cranial end) of the isthmus is the 
mean albumen percentage of three eggs which were taken from 
this point in the duct. The next point plotted is the mean albu- 
men percentage (50.6) of four isthmus eggs which were taken from 
the upper part of the isthmus. The next point (53.8) is the mean 
albumen percentage of four isthmus eggs taken from the lower 
part of the isthmus. The last six points are based on the observ- 
vations of single eggs which have been in the uterus the indicated 
length of time. 

The smooth curve which graduates these observations is the 
parabola 

y = 17.5915:r - O.SlTla;^ - 0.4164, 

in which y denotes percentage of albumen and x time in hours 
during which the egg has been in the oviduct. The origin of x 
is taken at 0 (ovulation) . The parabola was fitted to the observa- 
tions by the method of least squares. 

The diagram shows clearly that there is scarcely any diminu- 
tion in the rate of secretion of albumen until nearly the total 
amount has been acquired by the egg. There is not the slightest 
evidence of any break in the rate of secretion of albumen after the 
egg leaves the so-called ‘ albumen portion’ of the duct. From the 
time the yolk enters the upper end of the ' albumen portion’ there 
is a gradual diminution of the rate of secretion of albumen, giving 
rise to the parabolic curve. But plainly there is no sudden 
change. The egg gets more than half of its total albumen after 
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it leaves the ‘albumen portion’ of the duct and it takes this at 
nearly the same rate as it did the earlier part. 

It is of interest to note the similarity of this curve showing the 
rate of increase of albumen in the formation of the individual 
egg to the curve previously published by one of the writers^ 
for the increase in weight of egg (which is quite closely corre- 
lated with amount of albumen) with increasing amount of yolk, as 
measured by number of yolks. 

4. It will be noted that the differences in the colunm headed 
‘weight of yolk’ are in the majority of cases negative. In other 
words, in these instances the yolk of the laid egg is heavier than 
the yolk of the oviduct egg. Now, of course, yolk as such is not 
added during the passage of the egg down the oviduct. This 
being so one would expect that in the long run the yolk of any 
given laid egg would be as often in defect as in excess of the weight 
of the yolk of any given oviduct egg. There is some indication 
that this is not strictly true, but that the Taid’ yolk tends to be 
heavier. Such a phenomenon would be in accord with the fact 
definitely demonstrated by Greenlee, in his study of cold stor- 
age eggs, that in the normal, unboiled egg there is a continuous 
transfer of water from albumen to yolk by osmosis. Certain of 
Miss Curtis’^2 earlier, results had suggested that this was possibly 
the case. 

THE ABSOLUTE AND RELATIVE AMOUNT OF NITROOI- N IN THE 

ALBUIMEN OF EGGS IN DIFFERENT STAGES OF FORMATION 

While the two lines of evidence presented in the preceding sec- 
tions of the paper amply demonstrate that the thin albumen 
is added to the egg after it leaves the albumen portion of the duct, 
it seemed advisable, because of the novelty of the results to col- 
lect still further evidence of another kind. This evidence, which 
will be set forth in the present section of the paper, has to do with 

Pearl, R., Zoologischer Anzeigcr, Bd, 35, pp. 117-423, 1910. 

“ Greenlee, A. D., U. S. Department Agriculture Bureau of Chemistry, Circu- 
lar 83, pp. U7, 1911. 

Curtis, M. R., loc. cit. 
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the nitrogen content of the albumen in eggs taken from different 
levels of the oviduct. Not only do these chemical data confirm 
the results obtained from the other lines of evidence, thus demon- 
strating still more thoroughly and conclusively the main point 
under discussion, but they also throw light on certain matters 
which could not be elucidated by other than chemical methods of 
attacking the problem. 

The analytical work on which the data of this section are based 
was performed in the Department of Chemistry of the Maine 
Experiment Station, by Mr. H. H. Hanson, Associate Chemist. 
It is a pleasure to express our obligation to him for coming to the 
aid of the present investigation in this way. 

It should be stated that the nitrogen determinations were made 
by the modified Kjcldahl method, as used by the Association of 
Official Agricultural Chemists. 

The chemical data are exhibited in condensed form in table 2. 
The complete figures for the same eggs are given in table A of the 
Appendix. 

It is evident that the data set forth in table 2 confirm the re- 
sults previously obtained. Thus, to consider first moisture con- 
tent of the albumen, it is seen that the albumen of the normal laid 
egg contains between 87 and 88 per cent of moisture (mean 87,40). 
This value agrees very well with those obtained by Willard and 
Shaw^^ and Pennington. But when the egg enters the uterus 
its albumen has a water content of only about 80 per cent. Or, 
the albumen of the egg at this level of the oviduct has by actual 
weight some 15 grams less water than the laid egg. The longer 
the egg stays in the uterus the 'thinner’ the albumen becomes 
(cf. hen 387 in the above table), i.e., the higher its water content. 
This, of course, is the same thing which has been shown above, 
namely, that most of the thin albumen is added in this region. 

The percentage content of the albumen in nitrogen brings out 
again the same point. From a nitrogen content of about 4 per 

Willard, J. 'V. and Shaw, li. H., Kansas Agricultural Experiment Station, 
Bulletin 169, pp. 143-177, 1909. 

Pennington, M. E., Journal of Biological Chemistry, vol. 7, pp. 109-132, 1910. 
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cent at' the upper end of the isthmus, the relative amount of this 
element in the albumen diminishes steadily till the egg is laid. 

The point of greatest interest and importance in connection 
with these chemical data, hinges upon the absolute amount of 
nitrogen in the albumen. Since it is solely the thin albumen 
layer which is added after the egg leaves the albumen portion of 
the oviduct the possibility is at once suggested that what happens 
in the lower portions of the duct is not a true secretion of another 
albumen layer but merely a taking up of water from the blood 
by osmosis, and a dilution or partial solution of the dense albumen 
already present. Such a view assumes in other words that all 
that is added to the albumen after the egg enters the isthmus is 
water. 

Clearly the only way to test finally the validity of this idea is to 
carry out such chemical determinations as are tabled above. 
The last column of table 2 shows the available evidence, which 
appears reasonably clear in its significance, though because of 
the minute absolute amount of nitrogen in the white of an egg 
the case is not a simple one. What the figures from the analyses 
of thirteen oviduct eggs show is that with four exceptions, the 
oviduct egg has absolutely less nitrogen in its albumen than the 
normal laid egg of the same hen. This, of course, is what would 
be expected if there is an actual secretion of albumen by the glands 
of the oviduct, and this secretion is added to the egg. It means 
that these oviduct eggs have been removed before they received 
their full amount of albumen. If it were the case, on the contrary, 
that only water was added to the egg after it left the albumen 
portion of the duct, it would be expected that the amount of 
nitrogen would be the same in an oviduct egg from the isthmus or 
uterus as in the normal laid egg. The che7nical data clearly indicate 
that there is a definite additioji of albumen to the egg in the isthmus 
and shell glands and that the thin albumen layer does not represent 
solely a dilution of the dense layer. 

The four cases in which the analyses furnish an exception to this 
rule are undoubtedly to be explained as the result of fluctuation 
in the absolute size of the egg. It will be noted that each of these 
four eggs have been in the uterus some time and would therefore 
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TABLE 2 

Data showing the relative and absolute amounts of nitrogen in the albumen of eggs 
taken from different levels of the oviduct, and in normal laid eggs 
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13 In calculating the absolute amount of nitrogen in the normal laid eggs the 
mean albumen weight for the whole number of such eggs available for each hen 
has been used. 
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TABLE 2 — Continued 


location of ECO IN OVIDUCT 
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have received nearly their full amount of albumen. It can 
readily be seen that if the oviduct egg happens to be an excep- 
tionally large one, relative to the other eggs of the same bird, it 
may have a slightly greater absolute amount of nitrogen though 
not yet laid, than another relatively or absolutely smaller laid 
egg taken for a control. It seems quite clear, in the light of data 
collected in this laboratory on the fluctuation in size and proportions 
of the parts of eggs’® that this is the correct explanation of these 
apparent exceptions in the chemical analyses. It will be noted 
that in these four cases it is only the absolute amounts of nitrogen 
(and not the percentages) which furnish exceptions to the rule. 

Supplementary evidence 

There is available evidence of still other sorts to indicate that 
there is a real addition of albumen to the egg after it leaves the 
so-called 'albumen’ portion of the oviduct. In the first place a 
liistological study of the oviduct which has been made in this 
laboratory by Dr, Frank M. Surface^ ^ shows that histologically 
the same kind of glands which are found in the so-called albumen 
portion of the duct, are also found in the isthmus and uterus. 
The differences between the glands of the different regions are 
quantitative not qualitative. 

In removing eggs from the uterus it is frequently found that the 
egg is surrounded by a thin fluid which has evidently been secreted 
and is in process of being taken into the egg by osmosis. A case 
of this sort is described in the following autopsy record. 

Autopsy No. 52S. Hen 8038. Killed March 28, 1911 for data 

This hen laid at 9 a.m. and was killed at 4.15 p.m., or 7| hours 
after laying. There was an egg in the uterus. The uterus was 
much larger than the egg. When a cut was made in this organ a 
small amount of clear fluid flowed out. The cut was clamped off 

Cf. No. 1 of those ‘Studies/ loc. cit. supra. 

Reported at the Ithaca ineetinj? of the American Society of Zoologists, Eastern 
Branch, December, 1010, but not yet published. 
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and about 2 cc. of the fluid drained into a bottle. This fluid 
was analysed, the following being the chemist's report: 

Amount taken: 1.9860 grams being all of sample. 

Nitrogen found: 0.22 per cent. 

From this record it is clear that the fluid taken up by the egg 
ill the uterus, is far from being water. It carries more than a 
fifth of 1 per cent of nitrogen. In other words it is a dilute albu- 
men. 

That the egg does not take water from the blood by osmosis, 
and in this way dilute the dense albumen to foi’in the thin is 
further evidenced by the fact, shown by Atkins^Hhatin the domes- 
tic fowl the osmotic pressure of the blood is very considerably 
higher (nearly two atmospheres) than the osmotic pressure of the 
egg. In any osmotic exchange under these conditions water 
would tend to pass from the egg to the blood and not in the other 
direction. 

SUMMARY OF RESULTS 

Putting all the evidence together, the following account of the 
processes by which the hen’s egg acquires its protective and 
nutritive coverings summarizes the results of the present study. 
Certain of these results are novel and others confirm the experi- 
ence of earlier workers. 

1. After entering the infundibulum the yolk remains in the 
so-called albumen portion of the oviduct about three hours and 
in this time acquires only about 40 to 50 per cent by weight of its 
total albumen and not all of it as has hitherto been supposed. 

2. During its sojourn in the albumen portion of the duct the 
eggs acquires its chalazae and chalaziferous layer, the dense 
albumen layer, and (if such a layer exists as a distinct entity, 
about which there is some doubt) the inner fluid layer of albumen. 

3. Upon entering the isthmus, in passing through which portion 
of the duct something under an hour’s time is occupied instead 
of three hours as has been previously maintained, the egg receives 
its shell membranes by a process of discrete deposition. 

Atkins, W. R. G,, Scientific Proceedings of the Royal Dublin Society, vol. 13 
(N. S.) pp. 123-130, 1909. Cf. also Biochemical .Journal, vol. 4, pp, 480-484, 1909. 
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4. At the same time, and during the sojourn of the egg in the 
uterus, it receives its outer layer of fluid or thin albumen which 
is by weight 50 to 60 per cent of the total albumen. 

5. This thin albumen is taken in by osmosis through the shell 
membranes already formed. When it enters the egg in this 
way it is much more fluid than the thin albumen of the laid egg. 
The fluid albumen added in this way dissolves some of the denser 
albumen already present, and so brings about the dilution of the 
latter in some degree. At the same time, by this process of dif- 
fusion, the fluid layer is rendered more dense, coming finally 
to the consistency of the thin layer of the laid egg. The thin 
albumen layer, however, does not owe its existence in any sense 
to this dilution factor, but to a definite secretion of a thin albu- 
men by the glands of the isthmus and uterus. 

6. The addition of albumen to the egg is completed only after 
it has been in the uterus from five to seven hours. 

7. Before the acquisition of albumen by the egg is completed 
a fairly considerable amount of shell substance has been deposited 
on the shell membranes. 

8. For the completion of the shell and the laying of the egg from 
twelve to sixteen, or exceptionally oven more, hours are required. 
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APPENDIX 

The following table gives in extenso the original data on which 
this paper is based. It should be said that the weights arc in 
grams. 



TABLE A 
Data on eggs 
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IXTRODUCTIOX 

Alcohol 

The effects of alcohol on animal offspring has been shown in 
several investigations to be injurious. Laitinen (31) found that 
alcoholized rabbits and guinea pigs had more stillborn young 
than the controls; and that the growth of the living young was 
retarded. Of 23 pups from a pair of alcoholic dogs in Hodge’s 
(28) experiments, 8 were deformed, 9 were born dead, and only 4 
were viable. From the control pair 4 were deformed, none were 
born dead and 41 were viable. Forty- three per cent of the eggs 

the JOPHNAL OF EXPERIMENTAL ZOOLOGT, VOL. 12, NO. 1 

133 



134 


L. B, NICE 


of Ceni\s (10) alcoholized fowls developed normally under ordi- 
nary conditions in comparison to 77 per cent of the controls. 
A fluctuating temperature at the beginning of incubation pre- 
vented all alcoholic eggs from developing perfectly while 27 per 
cent of the control eggs were normal. 

Todde (55) alcoholized 15 roosters from two to four months and 
concluded that alcohol causes a torpidity of the testicles, acting 
probably through its affinity for the central nervous system. Ber- 
tholet (5) found in 37 out of 39 cases of alcoholism in men more or 
less of an atrophy of the testicles. Genius (10) three alcoholized 
hens laid less than half the average number of eggs, but since 
fowls are abnormally developed in this respect we migl\t antici- 
pate that anything which injured their general health would 
disturb the laying function without drawing the conclusion that 
in other animals alcohol would promote sterility. Laitinen (31 
and 33) found that alcoholized rabbits and guinea pigs had more 
young than the controls. The investigations of the Eugenics 
Laboratory (4, 18 and 43) and of Laitinen (33) demonstrate that 
more children are born to alcoholic than to sober parents. 

As to the effect of alcohol on human offspring, Demme (16) 
compared 10 non-alcoholic with 10 alcoholic families and found 
that 82 per cent of the children of the former and only 17.5 per 
cent of the latter were normal. Sollier (53) states that it is demon- 
strated that progeny conceived during drunkenness is doomed to 
idiocy. Morel (41) gives the history of an alcoholic family 
through four generations to final extinction, concluding that 
alcoholic intoxication produces degeneracy, depravity and idiocy. 
On the other hand Pearson, Elderton and Barrington (43, 18 
and 4) believe that their statistical data prove that extreme alco- 
holism is a result, not a cause of degeneracy and that the abnor- 
mal pedigrees are due to defective stock and not to alcohol. In 
an investigation of about four thousand school children of alco- 
holic and sober parents they could not find that parental alcohol- 
ism had any unfavorable effect on the offspring. 
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A^icotine and tobacco smoke 

Tobacco infusion injected into young rabbits by Richon and 
Perrin (46) had a decided stunting effect; however, if the injec- 
tions were stopped, the animals gained rapidly and soon equalled 
the controls. Rabbits subjected to the fumes of tobacco by 
Zebrowski (60) for six to eight hours daily for several months 
suffered from loss of appetite and great emaciation, losing from 20 
to 47 per cent of their weight. Nicotine injected into eggs by 
Fere (19) seemed to be a poison to some and a stimulant to others. 
Fleig (21). subjected guinea pigs to heavy inhalations of tobacco 
smoke, ^to injections of extract of smoke or injections of nicotine, 
and obtained abortions, still-births, under-sized, weak and stunted 
young. Unfortunately he fails to give definite details and condi- 
tions of his experiments. 

Thirteen cases of sexual impotence caused by the abuse of 
tobacco are reported by Cannata (9); abstinence from smok- 
ing restored the men to a normal condition. Hitchcock (52) at 
Amherst College and Seaver (52) at Yale found by measuring 
students that the smokers developed less in height and lung capac- 
ity during their college course than the nonsmokers. Meylan 
(39), however, at Columbia could not find that smoking had any 
decided effect on growth. 

Caffeine 

No experiments could be found on the effects of caffeine on 
growth and reproduction. Rivers and Weber (47) show that 
caffeine increases capacity for muscular work. The investiga- 
tions of Cramer (12), Pincussohn (44), Sasaki (50), Schulz- 
enstein (51) and Voit (57) indicate that coffee and tea retard 
digestion. 

METHODS 

A comparative study was undertaken to test the effects of 
alcohol, nicotine and caffeine on the offspring of animals, when 
fed in small enough amounts so as not to injure their health. 
White mice were chosen for the experiments since they breed 
rapidly, so that the results could be based on large numbers, and a 
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second generation could be quickly obtained to compare with the 
first. 

The experiments were started with 30 female and 15 male 
white mice about four months old. They were bought from a 
dealer and guaranteed not to be brothers and sisters. Four hun- 
dred and forty-one young were born of the first generation in 
seven months. Twenty females and 12 males of this number 
were bred at the age of two and a half months, care being taken to 
prevent inbreeding. These had 230 young in four months. 
Five lines were carried; one was given alcohol, another nicotine, 
a third was subjected to the fumes of tobacco smoke, a fourth 
received caffeine and the fifth line was carried for controls? 

Two females and one male were kept in a cage; each female was 
moved to a separate cage before her young were born and remained 
there as long as they were suckling, which lasted from twenty- 
five to thirty days. The cages were of wire mesh 6 inches wide, 
5 inches deep and 12 inches long. 

The regular diet of all the mice was buckwheat, and crackers 
soaked in milk; every few days they were given carrots, grass, 
meat, etc. 

The alcohol line 

The first generation in this line consisted of 6 females and 3 
males, and in the second generation, the offspring of the first, 
of 5 females and 3 males. 

Two cubic centimeters per mouse of 35 per cent alcohol were 
added daily to the crackers and milk of these mice. Instead of 
water they drank 35 per cent alcohol which was placed in bottles 
containing siphons; so the animals drank directly from the bottles, 
and evaporation was prevented. The mice were first given 10 
per cent alcohol which was gradually increased to 45 per cent. 
Thirty-five per cent was found to be a safe medium since stronger 
percentages sometimes intoxicated the mice. 

All the mice in this line except 16 received alcohol, the young 
beginning to take it at the age of three weeks. Sixteen young 
were given no alcohol themselves although their mothers received 
it for sixteen days after the birth of the young. 
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The nicotine line 

The first generation in this line consisted of 6 females and 3 
males, and the second generation, the offspring of the first, of 
3 females and 2 males. 

This line had 2 cc. per mouse of 1:1000 nicotine solution added 
to their crackers and milk daily, and the same solution was sub- 
stituted for drinking water in bottles with siphons.. Different 
strengths of nicotine had been tested on white mice from 1:2000 
to 1 :500 solution. The last was fatal but on I :i000 they remained 
in good health, although this solution was found to kill grey rats 
in nine days. 

VII the mice in this line except 6 received nicotine, the young 
beginning to take it at the age of three weeks. Six young were 
given no nicotine themselves although their mothers received it 
for sixteen days after the birth of the young. 

The line mbjected to the fumes of tobacco 

The first generation in this line consisted of 0 fejiiales and 3 
males, and the second generation, the offspinig of the first, of 
8 females and 4 males. 

These mice were subjected to tobacco smoke for about five 
minutes at a time and then aired for five or ten minutes; this 
was repeated for t^vo hours each day. The smoke chamber was 
a hell jar made air tight by being placed on glass and moistened 
around the bottom. About 4 grams of Connecticut leaf tobacco 
were burned each day in a clay pipe inserted in a rubber cork in 
the top of the bell jar. The smoke was drawn through the jar 
by an air pump, the tube for this purpose being in the rubber c(jrk. 

All the mice of this line except 9 were subjected to the fumes of 
tobacco, the young being put in the smoke chamber from the time 
they were a few days old. Nine young were not subjected to the 
fumes of tocacco, although their mothers were each day while 
they were suckling. 
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The caffeine line 

This line consisted of 6 female and 3 male mice. No second 
generation was obtained for breeding since many of the young 
died and others were eaten by their parents. 

Each mouse had 2 cc. of 1 :100 caffeine citrate solution added 
to his crackers and milk daily, and drank this solution instead 
of water. The caffeine citrate was first given in a 1 :500 solution 
which was gradually increased to a 1 :50 solution. Since they did 
not seem to be thriving on this strength it was decreased to 1 :100, 
on which they remained in good health. 

All the mice in this line except 8 received caffeine, the young 
beginning to take it at the age of three weeks. Eight young were 
given no caffeine themselves, although their mothers received it 
for sixteen days after the birth of the young. 

The control line 

The first generation of control mice consisted of 6 females and 
3 males. Since these mice had few young and many were eaten 
there were none of the second generation ready for breeding three 
months after the experiments were started. Therefore 6 young 
females and 3 males were obtained from the same source as the 
first lot of mice so as to serve as controls for comparison with the 
second generations of the other lines. 

El-incCTS OX THE WEIGHT AND HEALTH OF THE ADULT MICE 

The females were weighed each time after they had given birth 
to a litter, and the males from time to time. During the course 
of the experiments all the mice gained in weight; in the first genera- 
tion, carried seven months, the alcohol mice gained 6 grams each on 
an average, and the others gained 2 grams; in the second genera- 
tion carried four months, the alcohol mice gained 2 grams and the 
others 1 gram. This would indicate that the mice remained 
healthy and that alcohol has a fattening effect. 
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kffficts on fecundity of the adults and viability of the 

YOUNG 

A record was kept of the litters of each female. Many of the 
young in all the hnes were eaten. In the tables 1 to 13 only 
those young that died from lack of vitality are recorded. 

TABLE 1 

Record of the young of each female 
Control line. First gefiern(io7i. 


NUMBER or NUMBER OF XI MBEHOF NUMBER OK YOUNG 

MONTHS OnSEKVED LITTERS YOUNT. BOHN THAT HIED 


A 7 3 18 0 

B 7 2 12 0 

C 7 2 IG 0 

D 7 2 7 , 0 

E* 3 1 7 0 . 

Ft 

Total 4 7 10 GO 0 

3 


* Female E died at the end of three months. No pathological condition could be 
found. 

t Female F was killed by accident at the beginning of the experiments. 

TABLE 2 

Alcohol Hue. First ge?ifration 

KEMAIE number of ^ UfUMBEK of NUMBER OF NUMBER OF YOUNG 

MONTHS OBSERVED UTTERS yOI.'NG BOK.N THAT DIED 


A 7 2 17 1 

B 7 2 12 1 

C 7 1 23 1 

U 7 4 U) 2 

F 7 2 U 4 

F*.,^ 

Total 5 7 14 81 \) 

1 3^ wk.s. 


* Female F died three and a half weeks after the exf)ei’iments were started. No 
pathological conditions could be found. 
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'TABLE 3 



Nicotine line. First generation 


VI MBEn OP 

NUMBER OF 

NUMBER OP 

NUMBER OP VOUNO 

UOXTHS OBSERVEO 

I.ITTEltS 

TO UNO BORN 

that died 

A 7 

3 

13 

1 

li 7 

2 

7 

0 

V, ■ 7 

1 

4 

4 

1) • 7 

2 

; 13 

2 

K....V., : 7 

5 

36 

2 

F 7 

4 

. 31 

9 

Total 6 : 7 

17 

104 

18 


TABLE 4 



Line ,'inhjc(:(cd to tobacco fumes. 

First generatiun 




NUMBER OP 

NUMBER OF YOUNO 

' MONTHS OBShUVKD 

I.ITTERS 

TO UNO HORN 

TH AT niEU 

A..* 7 

4 

23 

9 

n ■ 7 

4 

30 

5 

C 7 

3 

22 

6 

D 7 

4 

21 

7 

K* 4 


1.5 

14 

Ft 




Total 4 ^ 7 

18 

111 

41 

1 4 




K was kilUal by acfuknt at tlie end of three months. 


t F died al the begin niiig of the experiments. 



1 One of these littcr.s was an abortion. 




TABLE 5 



Caffeine 

line. First generation 


KEM-lIE number OF 

NUMBER OF 

NUMBER or ; NUMBER OF YOUNU 

MONTHS OBSERVED 

LITTEHS 

YOUNG BORN 

THAT DIED 

A 7 

3 

15 

0 

B 7 

3 

16 

8 

0 7 

2 

11 

5 

D 7 

3 

27 

2 • 

E 7 

2 

7 

4 

F ^ 7 

3 

9 

3 

Total 0 7 

IG 

85 

22 
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TABLK 6 

CoHlrol line. Secofid set 

number of number of number of number of youno 

MONTHS OBSERVED UTTERS YOUNG BOHN THAT DIED 


A 4 1 7 0 

B 4 2 12 0 

C 1 2 9 0 

I) 4 2 9 0 

i: 4 1 2 0 

F 4 I I 4 0 

Total 6:49 43 0 


TABLE 7 

Alcohol line. Second generation 

NUMBER OF NUMBER OF NUMBElt OF I NUM BKlt OF YOU NO 

MONTHS OBSERVED LITTERS YOUNG BORN THAT DIED 


A 4 1 5 0 

H 4 2 13 1 

C 4 2 19 2 

4 2 13 3 

2 1 9 1 


Total 4 I 4 S 59 7 

1 ; 2 


TABLE 8 

Xi cotine line. Second generation 

NUMBER OF NUMBER OF NUMBER OK NUMBER OK YOUNO 

MONTHS OBSERVED ; LITTERS YOUNG BORN THAT WED 


A i 4 2 11 5 

B ' 4 * 2 13 0 

C 4 1 6 0 

Total 4 i 4 5 30 5 
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TABLE !) 


FKMAI.E 


Lme subjected to tobacco fumes. Second generation 


t NUMBER OF NUMBER OF 

i MONTHS OBSERVED LITTERS 


number of : number op TOUNQ 
YOUNG BORN THAT DIED 


A I, 4 

15 4 

C i 4 

D I 4 


E 4 

F 4 

(] 3 

M 3 


3 

3 
2 

4 
2 
i 
1 
1 


21 

15 

11 

22 

12 

8 

6 

6 


3 

1 

2 

9 

3 

1 

1 

6 


Total P) 

2 


4 . ! 17 


101 


26 


LINE 

Control. . . 

Ak'oliol. . 
Nicotine. . 

Smoked 

CaiTcine. . 


TABLE 10 


Record of the young of Ike first generation 
Summary of tables 1,2,3, 4 and 5 


Nt/MBER OF 
FEMALES 


/4 

5 

6 
/4 
\i 

6 


NUMBER OF 
MONTHS 
OBSERVED 


7\ 

3/ 

7 



7 


NUMBER OF 
LITTERS 

10 

14 

17 

18 
U3 


NUMBER OF 
YOUNG BORN 

60 

81 

lai 

. Ill 

85 


NUMBER OF 
YOUNG THAT 

died 


0 

9 

18 

41 


22 


LINE 

Control, . , 
Alcohol. . . 
Nicotine. . 
Smoked . . 


TABLE 11 

Record of the young of the second (jeheraiion 
Summary of to, hies 6, 7, 8 and 9 


[BEK OF 
M.M.ES 

NUMBER OP i 
MONTHS 
UUHEKVBD 

NUMBER OF 
LITTKItS 

e* 

NUMBER OF 
young BORN : 

number op 
YOUNG THAT 
DIED 

li 

4 

9 

43 

0 

j 4 
\'l 

4 \ 

■■2/ 

S 

56 

1 7 

3 

4 

5 

30 

5 

; 6 

'i 2 

4\ 

3 [ 

17 

101 

26 
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TABLE 12 

of one female of the first generation for seven months 


AVERAOE NI MREH OF AVERAGE .VUMBER OK PER CENT OF YOUNG 

UTTERS yoi:Ny that died 


Control 2.2 13 3 0 

Alcohol 2,8 16.1 11,1 

Nicotine 2.8 17.3 17.3 

Snioketl ■ ■ 4-0 24.6 37,0 

Caff<?ine 2.7 14.1 25.3 


TABLE 13 

Average of one fern, ah of the secoml generation for four monlhx 


AVERAGE NUMBER OF ; AVERAGE NUMBER OF PER CENT OF TOUNG 
UTTERS I YOUNG THAT BIED 


Control 1.5 7.1 0 

Alcohol 18 , 12.4 12.5 

Nicotine 1.66 10.0 16 6 

Smoked 2.26 13.4 26 0 


In both generations the mice subjected to tobacco fumes had 
more young than any of the other lines, whereas the controls had 
the fewest young. Tobacco fumes had a marked effect on the 
viability of the young, since 37 per cent of the first generation 
died from lack of vitality and 26 per cent of the second. One 
abortion occurred in this line. Caffeine was also injurious to the 
young, 25 per cent dying. Nicotine and alcohol had a loss notice- 
able influence. None of the control young died in either gener- 
ation. 


GROWTH OF THE YOUNG SUBJECTED TO THE SAME CONDITIONS 
AS THEIR PARENTS 

The young were either weighed singly or in litters at birth and 
every week for eight weeks. Since it was not always possible to 
weigh them before they suckled, the variations in the birth weights 
have little significance. The records were not carried beyond 
eight weeks for the young females often become pregnant at that 
time. 
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TABLE 14 

Weefdy grorvlh of the young of the fmt generation subjected to the same conditions as 
their parents 



pramg proHJS graim Qm. Qtn. gm. gm. grams grams grams ] grams 


Control 24 8 20 7 17 1 21 2,74 Oo. 6 0*9 10.1 14.6 15,7 j 16 8 

Akohol IK) 6 24 5 2l' 1 ;10 3 15,06 49,7 12 0 14,0 ; 16,4 | 17.5 

Nicotinn 27,4 22.2 32 1.35 3.14 25 58 0 10.5 13 0 12.5 I 15.1 

Smoked 23.9 23 6 31 1 23 2 94 06 08 2 10.5 : 13.3 14.9 ^ 15.3 

CalTcine 27.9 22,2 27 1.30 3.04.25,37 7 10 1 10.7 12.1 i 13.9 


TABLE 15 


Weekly groicth of the y<niiig of the second generdtion subjected to the. sa7ne conditionH 
ns their parents 


Control . 
Alcohol 
Nicotine 
Smoked . 


> O ^ 


grams gm. grama gm.gm. grams 

29.5 25 14 1 47 3.04 0 6.9 

23.3 22 13 1.35 2.84.9 6.75 

20 5 23 10; 1.3 2.94.5 5,5 

20 0 20 20^ 1.2 2.44,5 5 3 



grams \ grams , gramS i grama 

7.1 9.9 ' 10 9 I 14,0 

9.6 : 12.2 ^ 14.0 j 16 0 
8.00 10.5 13.0 15.0 
7,5 ■ 10.5 12.7 13.8 


One hundred and thirty-three young mice of the first genera- 
tion and G3 of the second were subjected to the same conditions as 
their parents. Although there was much variation in the same 
line or even in the same litter, on the whole the five lines in both 
generations grew at about the same rate. The alcohol young 
excelled all the others. 

There seems to be no constant correlation between the weight 
of the parent and growth of the young. For instance the alcohol 
adults are large in the first generation and the controls are small, 
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while the reverse is true of the second generation; 3 'et the alcohol 
young are larger in both generations. The caffeine adults are 
large but their young are the smallest of all. 


GROWTH OF THE YOUNG NOT SUBJt:CTED TO rUE DRUGS 

The following Table (Table 16) shows the growth of the off- 
spring of drugged parents, not themselves subjected to the diugs: 


TABLE Iti 


Growth of the young not subjected to the drug^i 



grams grams | ffrows grams gram^ grams grams’ grams grams 

ControD^ ! 33 ; 1.3o 2.85 4,0 G.2 7,0 10.0 12 7 14. S 16. K 

; 16 ! 1.5 3.4 15.2 7.3 11.4 14,7 15.6 17.6 19 2 

; 6 ,1.5 :2.3 4.7 6,0 8.5 10.9 13 4 10.0 IS O 

I 9 ;i,l 2.89 4.25 5,1 7.1 10,5 13 2 14 8 15 4 

! 8 ; 1,6 2.2 4.0 5,4 8.0 10.9 13 0 15 2 17 0 


The weightsofthfi controls arc based on both sets of corilruls in tables 14 and 15. 


irom this it is seen that the 3 'oung of the alcohol line de- 
cidedly excelled all the others in growth. 


COMPARISON OF THE GROWTH OF MICE GIVEN DRUGS WITH 
THOSE NOT GIVEN DRUGS 

The young of nicotine parents that were not given nicotine 
themselves excelled somewhat in weight those young that were 
given nicotine. Tobacco fumes had no appreciable effect, the 
smoked and non-smoked mice growing at about the same rate. 
The young of caffeine parents that were not given caffeine them- 



146 


L. B. NICE 


TABLE 17 

Compuriaon of the growth, of mice given drugs with those not given drugs 


MICE 

o 

y. 

o a 

w 

K a 
» u 

I't 

"A 

t - 

3 Id 

W “ 

. if a 

' 3 S « 

■ < 

if ? 

? 0 
® H 
>< 

^ » 
a M 
^ w 
a ? ; 

■fi ; 

M? i 
■< 

£5 i 
> ^ 

s £ 

0 B - 

H H 

0 « 

«; X , 
^ H ! 

« H 

' 

gs i 

P \ 

«£ ! 
13 0 1 
5 ^ 

■< 

gs i 

0 B : 
H S i 

B S 

; 

a u 

1 

■< 

% m 

0 td 

U H 

H 

B 

0 a 

< s 

h 

< ! 

2 * 

2 M 

H ^ 

^ A 

■ \ 

! 1 

1 1 

gS 

* 

B K 

0 « 

■< 



; proms 

proms 

grams t 

grams 

grami 

proms 1 

1 

grams 

grams 

. grams 

Control* i 

Without 1 

33 

i 1.35 

2 85 : 

4 0 

6.2 

\ 7,0 

10.0 

12,7 

14,8 

16.8 

alcohol t 

16 

^ 15 

3.4 ; 

5,2 ! 

i 7.3 

! 11.4 

14.7 ' 

15.6 

17.6 

19.2 

With alcohol* J 
Without ; 

39 

: 1 32 

^ 3.3 1 

4.97 ' 

1 6.5 

1 

9.6 

12.1 

14.0 

16.2 

1 ' 

^ 17.5 

nicotine t | 

6 

i 1.5 

. 2.3 

: 4.7 

! 6.0 

1 8.5 

10.9 

13.4 

, 16.0 

18.0 

With nicottine* ': 

42 

; 1.33 

3.0 i 

4.3 

5.5 

1 8.0 

10.5 

12.6 

1 14.4 

15.1 

Non smokedt . ; 

9 

j 1.1 

1 2,89 i 

i 4.25 

5.1 

! 7.1 

10.5 

13.2 

I 14.8 

15.4 

Smoked* 

Without i 

57 

1.22 

^ 2,7 ' 

4.2 

5.7 

8,0 

i 

10.5 

1 

13.0 

j 14,4 

1 

15,3 

caffeine 1 

8 

1.6 

' 2.2 

; 4,0 

5.4 

! 8.0 

{ 10.9 

13.0 

1 15.2 

17.0 

With caffeine . , 

27’ 

1.3 

3.0 

: 4.2 

5.3 

1 7,7 

1 10.1 

10 7 

i 

i 12 1 

13.9 


* These weights are the averages of the two generations froq;i tables 14 and 15. 
t These weights are from table 16. The parents were subjected to the drugs. 


selves grew faster than those given caffeine. Although the young 
of the alcohol mice when given alcohol themselves excelled all the 
other mice in growth, other young of these same mice when not 
given alcohol grew even faster. The control mice grew faster 
than the caffeine mice, were excelled by the alcohol mice* but 
grew at about the same rate as the nicotine and smoked mice. 

I wish to thank Dr. C. F. Hodge for criticism, Dr. Louis N. 
Wilson, librarian of Clark University, for secuiing the literature, 
and my wife, Margaret Morse Nice for aid in keeping the records 
and preparing the manuscript. 


SUMMARY 

1. The control mice had the fewest young of any of the lines; 
the fecundity of the alcohol, nicotine and caffeine mice was some- 
what greater, while the mice subjected to tobacco fumes in both 
generations had almost twice as many young as the controls. 
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2. The mice subjected to tobacco fumes had the largest pro- 
portion of young that died from lack of vitality, 37 per cent dying 
in the first generation, and 26 per cent in the second, ("affeine 
also had an injurious effect, on the viability of the young, 25 per- 
cent dying. Nicotine and alcohol had a less noticeable influence, 
17.3 per cent and 11.1 per cent respectively died in the first gener- 
ation, and 16.6 per cent and 12.5 per cent in the second. None 
of the control young died in either generation. 

3. Out of 707 young born none were deformed, none were 
born dead, and only one abortion occurred. This took place in 
the smoke chamber. 

4. When adult white mice were subjected to alcohol, nicotine, 
tobacco smoke and caffeine the growth of their offspring was not 
affected unfavorably. 

5. When both adults and young were subjected to the drugs, 
caffeine had a slightly retarding influence on growth nicotine and 
tobacco smoke had no appreciable effect while the alcohol mice 
grew faster than the controls. 

6. In all the experiments the young of the alcohol mice sur- 
passed alt the others in weight. They grew most rapidly when 
they themselves received no alcohol. 
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W >' Fig. 1. Ourvo showing the growth of the mice. 

The .abscisso.s represent the age of the mice in 
weeks, the ordinates their weight in grams. 


001234567S 

('ontrul line 33 mice 

Alcohol line 16 mice not given alcohol themselves 

— A I coll ol line 39 mice given alcohol 

_ . _ . _ _ Nicotine line 6 mice not given nicotine themselves 
— . _ Nicotine line 42 mice given nicotine 

— Smoked line 9 mice not subjected to tobacco fumes themselves 

Smoked line 57 mice subjected to tobacco fumes 

Caffeine line 8 mice not given caffeine themselves 

— Caffeine line 27 mice given caffeine 
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Buffalo, N. Y., January 1, 1912. 


Dear Friends: 

MY feel that we should not begin the activities of a new year witliout 
expressing our sincere tlianks and appreciation to our in.any friends wlio 
have so largely contributed to the success whi h has crowned our efforts 
(luring the recent years and especially tlic year just closed. M'e do appri''- 
(•iate your hearty support and .sincerely trust that we have been worthy 
of it. 

If in the products which we have made for you, you have found satis- 
faction in use, if our various improvements have marked them a.s l)est 
adapted to their purpose, if the features of iiractical usability, features 
which we have designed to add to your cchiveniencc and c. info'rt, have in 
i;se fulfilled their mission and added even a little to your pleasure and 
comfort, we surely feel doubly repaid for our efforts and inspired m the 
new year before us to do even better. 

It is our highest ambition to build up a scientific manufacturing insti- 
tution here in America, the members of which shall keep in close touch and 
s\in])athy with the laboratory workers of the country and go right into tlie 
problems which you have in mind with tlie idea of doing our part to solv(‘ 
t fiem. To that end, we have worked slowly and carefully, using our ingenu- 
ity, profiting by our expericn e in practical laboi’atory work, designing and 
building our instruments from the laboratory workers stand]>oint, making 
sure that we accepted no more business than we could do and do rigiit 
and ever showing a willingne.ss, in fact a desire to fully co-operate in work- 
ing out the problems entrusted to us. This will continue to be our policy. 

We are happy to tell you that although increasing oi]r facilities from 
year to year wc have been kept more than busy. A year ago we very 
largely increased our factory and equipment, but it has i ecu only by niglit 
work added to day that we have met the demands uiion us. To be able 
to hang up'' such a record is of no importance (^xeept for what it demon- 
strates, so when we tell you that the year 1^)11 (a poor business yr^ar 
generally) saw our business advance by one half over any previous year in 
our history, we do not say it boastfu ly but simply to ask you to decide 
for yourself ^^what it demonstrates.^^ 

We are again plamiing further enlargement so that we shall be al)le to 
eontinuc to serve you in our characteristic way. We expect to have some 
iiew things this year to show you and like our previous efforts they will 
be budt along original lines, and we sluill endeavor to continue to kid in 
making improvements, working out new designs and building our instru- 
ments just a little better than do others. 

Again thanking you for your kindly support and trusting that we may 
prove ourselves worthy of your continued patronage, we are 

Truly yours, 

SPENCER LENS CO.MPANY 
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HEREDITY OF PIGMENTATION IN FUNDULUS 
HYBRIDS 

FRANK W. BANCROFT 

From the Department of Expcrimeulal Biology, liockcfdlcr Inafiiute, \ew York 

THIRTY FIGURES 

Ever since the rediscovery of Mendehs law, students of heredity 
who have investigated characters in the adult have habitually 
sought to determine whether or not these characters Avero inherited 
according to the iMendelian formula. Those, howev^er, who have 
investigated the inheritance of larval and embryonal characters 
have usually not considered the facts from the Alendclian point 
of view but have sought to determine whether the inheritance was 
maternal or paternal. While it is possible that this point of view 
may be the most fruitful one from which to regard hybiads of 
distantly related species; still the work of Loeb, King, and Moored 
show^ed that for the larvae of closely related sea-urchins, at any 
rate, the Mendelian point of view" could be adopted wuth profit. 
They found that in the larvae obtained by crossing Htronglyo- 
centrotus purpuratus and S. franciscanns certain chai’acters of 
each species vrere dominant over the allelomorphic clia racier in 
the other species, and the result was the same no matter w'hether 
the character in question w'as maternal or paternal On account 
ot the wealth of teleost material in Woods Hole and its favorable 
character for such investigations it w'as suggested b}" Dr. ].oeb, 
whose constant helpfulness during the course of the w-ork I wash 
to acknowdedge, that I take up the study of inheritance in Fundu- 
lus from the Mendelian and the physiological points of view. 

Previous work on Mendelian inheritance of this form is limited 
to the paper by Newman^ who came to the conclusion that 

^ Arch. f. Entwick-mftch. 1910, Rd. 29, p. 351. 

* Jour. Exp. Zool., vol. 5, p. 503. 
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although some characters, such as the size and shape of the chro- 
matophores, and the color pattern on head and body, show 
Mendelian dominance, that ^‘nearly all of the characters observed 
may be classed as examples of blended inheritance of one sort or 
another.” ^ 

METHODS 

Reciprocal crosses between Fundulus heteroclitus andFundulus 
majalis were made in the usual way; both eggs and sperm from 
a number of individuals of each species being mixed for each exper- 
iment. The developing embryos were kept in Syracuse watch- 
glasses and fingerbowls, loosely covered with glass. The water 
was frequently changed and the eggs were carefully separated 
from the masses to insure a maximum supply of oxygen. After 
hatching the young fish were usually kept isolated in fingerbowls. 
They were fed with what they could pick off of foul eelgrass, and 
small pelagic organisms obtained by towing. Later fish flesh, 
flies, and liver were used for food. Some of the little fish were 
put out in the eel-pond in cloth cages of various kinds, but though 
they grew much faster than any that were kept in the laboratory 
so many of the cages got broken that only one of these fish was 
kept until the middle of September when they were transferred 
from Woods Hole to New York. 

INHERITANCE OF COLOR CHARACTERS 

Three kinds of chromatophores were observed, all three of 
them occurring in all the embryos of both pure species, and of 
both kinds of hybrids. They are: 

1. Black opaque chromatophores. These are the first to 
appear, and apparently persist throughout the life of the fish. 

2. Red opaque chromatophores, usually of a brick red or deep 
yellow color, showing white or creamy with a closed diaphragm. 
They sometimes take on a white or creamy color but can usually 
be easily distinguished from other tissues by their conspicuous 
white color when the light is turned off. They are nearly as 


* Jo\ir. Exp. Zool., vol. 5, p. 355. 
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large as the black chromatophoreSj appear in early embryonal 
life at about the same time as the black or but shortly after them, 
and disappear completely within a few days after hatching. 

3. Small lemon yellow, or greenish yellow chromatophores. 
The pigment in these is transparent and it is only by carefully 
observing them in the most favorable locations such as the tins 
that the branched processes and the chromatophore-like shape 
of the cell can be made out. They first appear a few days before 
hatching and persist as long as the fish have been observed. 

As all three kinds of chromatophores were found in all the 
einbrj^os, and as no small differences in the color of the chronia- 
tophores that seemed to be significant were seen, the color dilfer- 
ences observed were due to the variation of the chromatophores 
in (1) number, (2) size and shape, (3) location or arrangement, 
(4) rate of appearance and development. 

Table 1 gives a summary of the main features of the pigmenta- 
tion in the four forms studied. 

An inspection of the table will show that in the first four char- 
acters (viz.: the red and black yolk chromatophores, head chro- 
matophores, and red chromatophores of the lateral line) all of 
which are not concerned with the rate of development there is a 
well marked Alendelian dominance, while in the last two charac- 
ters (viz. : the arrangement and time of appearance of the yolk 
chromatophores) both of which are concerned with the rate of 
development the dominance is not so evident. The characters 
will be considered seriatim, 

1. Red yolk chromatophores 

The number of the red yolk chromatophores of the pure F. 
heleroclitus and both kinds of hybrids is about the same. No 
attempt was made to count them accurately but in all these three 
forms the red yolk chromatophores are very conspicuous features. 
Ill F. majalis, on the other hand, these chromatophores are so 
few that in one of the series they could not be found at all. In 
other series the first red yolk chromatophores appeared near the 
embryo from the fifth to the ninth day and increased slightly in 
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iiuniberthough still remaining in the vicinity of the embryo. After 
a few days their number again decreased markedl}^, apparently by 
incorporation within the embryo^ so that they could only be found 
in a small proportion of the eggs, and in these not more than two 
,,r three cells to each yolk sac. There is no doubt then, that, so 
far as the number of these cells is concerned, there is a well marked 
Mendelian dominance, but as it is almost impossible to count them 
accurately I cannot be sure that in the hybrids the number of red 
yolkchromatophores is not slightly less than in pure F.heteroclitus. 

An examination of the red yolk chromatophores in the four 
forms for size showed that the chromatophores of F. majalis 
were usually much smaller than those of any of the other forms; 
hut that these cells in the F. majalis egg hybrid were slightly 
smaller and in the F. heteroclitus egg hybrid considerably smaller 
than in the pure F. heteroclitus (compare figs. 13 and 14; 15, 
IG, and 17; 18 and 19; 20 and 21; 22 and 23). As in most cases 
where the hybrids showed a condition intermediate between 
those of the two pure species it was the F. heteroclitus egg hybihi 
which was most like the pure F. lieteroclitus; this case in which 
the F. majalis egg hybrids were most like the pure F. heteroclitus 
deserves special emphasis. 

In shape the red yolk chromatophores of both hybrids approxi- 
mated closely to the dominant condition of the pure F. hetero- 
clitus. When they first appeared, these chromatophores in all 
four forms had about the shape of the red yolk chromatophore 
in fig. 13. In the pure F. majalis the red yolk chromatophores 
even at the period of their maximum complexity (fig. 17) did not 
progress far beyond this early shape; while the chromatophores 
of the three other became much larger and more complex. The 
F. heteroclitus egg hybrids usually had red’ yolk chromatophores 
of exactly the same shape as the pure F. heteroclitus (compare 
figs. 18 and 19, 20 aud 21, 22 and 23). The F. majalis egg hy- 
brids also in many cases had cells of exactly the same shape and 
almost the same size, as those of the pure F. heteroclitus. In 
some cases, however, the processes of these cells in the hybrids 
were fewer and the central body less extensive (fig. 9). 
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Black yolk chroinatophores 

For the first few days of their existence the black yolk chroma' 
tophorcs of both hybrids were identical with those of the pure 
F. heteroclitus in shape and the' differences in size could appar- 
ently be entirely accounted for by differences in the ages of the 
cells, (loinpare figs. 13 and 14, 18 and 19 for the resemblance 
between the pure F. heteroclitus and the F. heterolcitus egg hybrid 
and figs. 8 and 11 for the resemblance between the pureF. heter- 
oclitus and the F. majalis egg hybrid. In the pure F. majalis 
these cells were on the whole smaller and with more and longer 
processes than in the other three forms (see figs. 10, 12), This 
difference in F. majalis was most pronounced in those cells which 
were nearest to the embryo, as in fig. 10; the cells that were far- 
ther from the embryo (fig, 12) differed less in shape and size 
from those of F. heteroclitus. 

We have seen that for the early stages there was complete dom- 
inance of the F. heteroclitus condition, as has been stated by 
Newman.^ With further development, however, characteristic 
differences appeared so that each form could be distinguished 
by the appearance of the black yolk chromatophores alone. 

In the pure F. heteroclitus these chromatophores soon crept 
onto the blood vessels, forming a coarse reticulum in which the 
clear spaces between the chromataphores were in general equalto or 
wider than the space occupied by the chromatophores themselves. 
There were very few branches traversing these clear spaces. 

In the F, heteroclitus egg hybrid the chromatophores did not 
hug the vessels so closely so that the width of the colored meshes 
was usually about twice the thickness of the clear spaces between 
them. These clear spaces were also usually thickly traversed by 
a feltwork of fine processes (fig. 23). The color of this reticulum 
was also paler than in the pure F, heteroclitus, apparently because 
the chromatophores w^ere spread over a greater area. 

In the F. majalis egg hybrid there is, on account of the greater 
size of the egg, a greater space to be covered by the chromato- 
phores. Together with this factor there was a much less pro- 

* Jour. Exp. Zool, vol. 5, p. 550. 
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Bounced tropism of the chromatophores for tlie blood vessels, 
so that here no characteristic chromatophore reticulum was formed. 
In addition there was much variation in the shape of the eliroma- 
tophores during these later stages j some of them still retained 
their previous characteristic polygonal shape, while others devel- 
oped long processes like the red yolk chromatophores or the black 
yolk chromatophores in the pure F. majalis. 

la pure F. majalis the black yolk chromatophores were charac- 
terized by their long and numerous processes also tluring these 
later stages. 

In considering these later deviations from the complete domi- 
nance of the early stages it might be thought that we had here two 
intermediate conditions manifesting themselves in the hybrids 
due to a delayed influence of some 'branching factor’ derived from 
F. majalis. For in both cases the deviations are in the direction of 
the more profuse branching characteristic of F. majalis. I think, 
however, that in this case the deviations from complete dom- 
inance are due mainly to a diminution of the tropism of the chro- 
matophores for the blood vessels discovered by Loeb.“ This 
reduced chemo tropism is probably due to a change in the contents 
of the blood vessels resulting from the diminished yolk assimi- 
lation in the hybrids which will be discussed later. However, no 
matter what its cause, there can be no doubt that in both the 
hybrids the yolk chromatophores are less closely approximated to 
the blood vessels than in either of the pure forms. Now when in 

‘ Jour. Morph. 1893, viii, 161; Arch. L d. ges. Physiol, liv, 525. Loeb at first 
thought that this tropism was chemotropism due principally to oxygen. Later 
he was inclined to consider that it might be stereotropism. Among the embryos 
in this series it was noticed in a number of cases that after the circulation had be- 
come well established and the chromatophore network was well formed that the 
blood accumulated in some one region and stopped circulating through the ves- 
sels, although the heart still continued beating normally for several days. When 
this stoppage of the circulation took place in a comparatively early stage it was 
seen on several occasions that the chromatophores left the vessels and became 
again uniformly distributed over the surface of the yolk. As the vessels were 
still present it must be concluded that chemotropism and not stcreotropisrn is 
responsible for the creeping of the chromatophores on to tlie blood vessels. When 
tiic circulation stopped in later embryonal life the chromatophores usually con- 
tinued to remain on the blood vessels e\ en several days after the blood had ceased 
to circulate. 
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pure F. heteroelitus this chemotorpism of the chromatophores for 
the blood vessels is destroyed by the stoppage of the circulation 
the black chromatophores of this form also develop more branches 
than usual and may even in extreme cases (such as fig. 24) simu- 
late clo.sely the chromatophores of the pure F. majalis. This 
instance shows very clearly the importance of an analysis of the 
mechanism of heredity insisted upon by Loeb in 1898*^ and more 
recently by Newman. 


3, Head chromatophores 

One of the factors which influenced Newman in arriving at 
the co!i elusion that in the hybrids between majalis and hetcro- 
clitus, blended inheritance predominates is the manner of the 
appearance of the head pigmentation. Newman found, and I 
have confirmed his results, that the head pigment appears first 
on the pure F. heteroelitus; next on the F. heteroelitus egg hybrid; 
next on the F. majalis egg hybrid; and last on the pure F. majalis. 
Now, while this is true, still a closer analysis of this process has 
furnished what is inobably the clearest case of Alendelian domi- 
nance encountered in this whole study. 

Tn the pure F. heteroelitus, and in both hybrids the black head 
chromatophores appeared in two crops separated by an interval 
of al)Oiit two days. In the pm’e F. majalis, on the other hand, 
this first cro]) was wanting and the second crop appeared at about 
the same time that it did in the pure F. heteroelitus. 

The first head chromatophores appeared on the first or second 
day after the first appearance of the yolk chromatophores. They 
were first seen on the sides of the brain, having probably migrated 
in from the yolk, and wandered onto the dorsum of hind and mid- 
brain, only in rare cases reaching the fore-brain. Various stages 
in the development of these cells are shown in figs. 1 to 6. As 
soon as they reached the dorsum of the brain they began to expand 
and finally became very conspicuous objects (fig. fi). Figures 
2 and 3 which show these chromatophores before and after an 
interval of three and a half hours give some idea of the rapidity 
with which this migration and expansion takes place. 

® Miirino Biol. Lab. Lectures for 1897 and 1898, pp. 227-229. 
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In both hybrids these head chromatophores appear in essen- 
tially the same way that they do in the pure P. heloroclitus: 
there are, liowever, minor differences. In the hybrids they aitpear 
:i little later, and they remain for a day or more on the sides of 
the brain without migrating onto its dorsum instead of only for 
x'veral hours as in the case of the iturc F. heteroclitus. I'lven 
after the chromatophores of the hybrids have reached the dorsum 
of the brain they do not look like any stage in the ileveloinnenl of 
the .same cells in the pure F. heteroclitus, for they are smaller 
and there are more of them. The comparative numbers of these 
cells for ten fish each of the pure F. heteroclitus and the F. heter- 
oclitus egg hybrid are given in table 2. The differences while 
not great are, I think, significant. In the F. inajalis egg liybiid 
the size and numbers of these cells are essentially similar. 

’rABLK 2 

XUMEKRS Oi’ HK.VD rtTHOM ATopHOltKs; AVKHAfJK 

1-mo F. heteroclitus /on mid-brsii,.. 2 m 0 F 5 1 2 (I 0 4 1..4 

i^on lund-brain. 5 4 3 4 4 4 3 2 0 5 3.4 

F. htderocditiis egg /on mid>brain.. 0 0 o 1 3 0 0 o 10 4 4.(3 

Itybrid ;on hind-brain, a 4 2 3 4 7 4 0 3 4 4 

in the pure F. majali.s, on the other hand, there was no .si^n of 
this first crop of head chromatophores except in one ease, out of 
several hundred embryos examined; and in this case the first crop 
was represented only by a single cell. Wdth this single exception 
the first chromatophores to appear on the head of F. majalis 
weie similar in all respects to the second crop of the other forms. 

The second crop of head chromatophores in the pure F. heter- 
oclitus and the two hybrids always appeared at a distinct interval 
after the first crop. This interval varied from one to four days. 
In the hybrids this crop usually appeared one or more days later 
than in the pure F. heteroclitus; but in the pure F. majalis it 
appeared at the same time as in the other pure form. In all four 
forms the method of development of this crop was the same, and 
^was different from that of the first crop. As far as could be seen 
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these cells developed in situ; appearing; first as faint, grey, thin 
and well branched cells scattered all over the dorsum of the brain. 
Soon after their first appearance their color became much deeper 
and they began to expand rapidly, so that after several days it 
was no longer possible to distinguish them from the chromato- 
phores of the first crop. Fig. 6 shows the appearance of this 
second crop of head chromatophores in the same embryo which is 
represented nineteen hours earlier in fig. 5. A little later stage 
after the chromatophores of the second crop have become so 
large that they cannot always be certainly distinguished from 
those of the first crop is shown for the F. majalis egg hybrid of 
series 7 in fig. 9. To be compared with this last figure is fig. 10 
taken from an embryo of the pure F. majalis also of series 7 and 
having the same age as the embryo figured in fig. 9. The entire 
absence of anything at all corresponding to the first crop of 
chromatophores is very evident. 

It is very clear then that the F. hetcroclitus character ‘presence 
of the first crop of head chromatophores’ dominates over the F. 
majalis character ‘absence of this crop.’ Furthermore, since the 
second crop of chromatophores appears in F. majalis synchronous- 
ly with its appearance in F. heteroclitus, the delayed appearance 
of both crops in the hybrids cannot be considered a condition 
intermediate between that of the two pure forms. 

4 . Red chromatophores of the lateral line 

In the pure F. heteroclitus and the F. heteroclitus egg hybrids 
at the time of hatching and the F. majalis egg hybrids (which 
usually do not hatch) at about the same time the lateral line is 
mapped out by a series of about twenty conspicuous red chroma- 
tophores the characteristics of which are shown in figure 27. In 
all of these three forms these cells were very similar in appear- 
ance, and there can be no doubt that they are essentially the 
same kind of cells as the red yolk chromatophores. In the pure 
F. majalis these red chromatophores were not present on the 
lateral line at hatching time. There was, however, a series of very 
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indistinct pale cells showing wdiite with a closed diapliragin which 
for a time I took to represent the red chroma tophores. Later, how- 
ever, it was found that these cells w^ere probabl}^ the jirocesses 
of the black chromatophores from which the pigment had with- 
drawm itself. For, all over fishes that were slightly older similar 
cells were found, wdth beautiful branched processes showing 
white by reflected light, and at the center of almost every one 
a small mass of contracted black pigment. We have then at 
the time of hatching what appears to be a clear case of the domi- 
nance of the F. heteroclitus character 'presence of red chroinato- 
phores' over the F. majalis character 'absence of red chromato- 
phores,’ 

Immediately after hatching, however, this state of affairs 
began to change, for the red chromatophores began to fade, and 
wdien the fish were fed well had entirely disappeared in three or 
four days. When the fish were starved these chromatophores 
^vere visible in some cases for several days longer. These pig- 
ment cells did not contract or die but usually remained well 
branched and expanded as long as they were visible. The pig- 
ment, however, faded until it could only be seen in a few of the 
cell processes, usually lasting longest at the tips of these processes. 
Then it became practically invisible by transmitted, though still 
visible with reflected light; and finally could not be made out at 
all. 

The possibility that in order to be visible this pigment needs 
something that it had been obtaining from the yolk but which is 
absent in the ordinary food naturally suggested itself, and per- 
haps receives some support from the fact that the pigment faded 
sooner when the fish was fed. But on the other hand, this rapid 
fading might equally w^ell have been due to a general accelera- 
tion of development due to the feeding. An attempt was made 
to test the matter by feeding yolk but the close of the breeding 
season prevented conclusive results. 
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Th(‘ V. niajalis upon hatching and shortly before hatch- 
ing had a s(‘ric!s of from 40 to 60 black chromatophores along the 
lateral line f(ig. 25). There were usually two chromatophores to 
the seguKMit. One of these was near the surface of the fish and 
cxpaudcMl in a plane parallel to the surface. The other was situ- 
ated farther from the surface upon the septum in the frontal 
plane sepai'aling the dorsal from the ventral musculature. This 
s('coiid chrornatophore expanded in the j)laiie of this septum. 

Th(^ pur(‘ F. lieteroclitus at hatching time and before, usually 
had no black chromato])h()res at all along the lateral line. Per- 
hajcs ten p(M' (■(ml had one or two black chromatophores along the 
lattaal line, and a much smaller percentage had more. But none 
w(‘n' whicii had more tha[i ten or twelve black chromato- 
pht)rcs in this i)1mc(\ Upon the first day after hatching, however^ 
8(1 p('r c(Mit or UO per cent of the fish were found to have black 
chromato])hores varying in number from 1 to 20 and averaging 
about 8. During the next few days this increase continued until 
all tlie fish had from 20 to 50 black chromatophores along the 
lateral line. 

T1h‘ F. lieteroclitus (^gg hybrids were on the whole similar to 
the pm‘(' F. lieteroclitus, but exhibit a slightly intermediate con- 
dition as tlie i)lack chromato])hores begin to appear on the lateral 
line a little earlier than in the pure F. heteroclitus. Thus at 
hatching time the hybrids usually had enough chromatophores 
so that abov(' the anus, when expanded, they made a continuous 
line of black, witli scat tiered black cells ]msterior to this regioin 
Fig. 26 represents part of a fish of this kind, in which, however, 
the chlorefone given to quiet the animal has caused the chroma- 
tophores to contract slightly and thus break up the continuous 
black lim^ which was originally present. In the same series a 
comparison of the lateral lines a few days after shows that at 
this time also the hybrids maintained their lead in the develop- 
ment of the black chromatophores along the lateral line. At that 
time ten of the hyi)rids averaged 29.2 black chromatophores to a 
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laTorai line with the extremes at 21 and 34; while ten of the pure 
form averaged 18.0 with extremes at 3 and 20. I?i this series 
the F. heteroclitiis egg hybrids hatched at the same time as the 
pun‘ F. heteroclitiis so that these comparisons were made at the 
-ame age as well as the same stage and the ditTerence in favor of 
tlie hybrids cannot be due to their greater age. 

In the F. majalis egg hybrids the black cliromatophores on the 
lateral line behaved quite similarly to thosi' of the F. In'lerocli- 
tus egg hybrid. But as these liybiidfr usually never do liatch a 
[jj-ecise determination of the liatchiug tilin' could not be made. 

We have then so far as this character is eoneermHl a well markc'd 
(lifference between the two species at the time of hatching and 
ail incomplete dominance of tlie F. heteroclitiis condition in tlie 
hybrids; but since the stages before and aft<'r hatching have not 
been sufficiently studied it cannot be told whetlier l)oth sp(‘ci('s 
go through exactly the same series of changi's, mcn'ly dilfering 
in their rate, or to what extent the hybrids are int('rincdiato 
betweeii the two juire forms. 

6. Distrihidion of yolk cliromafojdiores 

.Vl the time of their first appearance both kinds of yolk chroma- 
tophores in the pure F. heteroclitiis a ml the F. heteroclitus egg 
hybrids were found to be distributed over tlu^ whole surface of 
the yolk, and the region opposite' to the embryo had r|uite as 
many or nearly as many ehromatophores as any otlier n'gioii. 
In the pure F. majalis, on the other liand, almost the whole of 
the yolk hemisphere opposite to the embryo was free from chro- 
matopliores; and it took a number of days before the migration 
of pigment cells into this region became noticeable. The 
majalis egg hybrids presented an intermediate condition, for most 
of them had a small chromatophore free area in the region op])osite 
to the embryo, and the others had fewer ehromatophores than 
Usual in this region. Figs. 11 and 12 show something of the 
differences between these last two forms. Later on the migration 
of ehromatophores filled these empty areas with pigment cells 
and obliterated the difference between the various forms. 
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7. Rate of development of yolk ckromaiophores 

In thn purci F. hoteroclitus the black yolk chromatophoros first 
app(*ar(id when thc^ iu^art was beginning to boat and before a cir- 
culation had been established; also before the fore-brain had 
acipiiind any lumen. The embryo had about twelve somites. 
The red ehroinatophores could usually not be seen until the next 
(lay. 

In the F. heteroclitus egg hybrids the black yolk chromato- 
phor(^s also aj)peared at the time when the heart was first beating 
and before the circulation had started. In this form, however, 
the heart-beat and circulation started a little later than in the pure 
F. heteroclitus. At this time the fore-brain of the embyro 
usually had something of a lumen (condition was intermediate 
bctw('en figs. 1 and 2). Accordingly in this form the first appear- 
ance of the yolk chromatophores was later in time and also at a 
later stage in the development of the embryo. 

In the F. majalis egg hybrids the yolk chromatophores did not 
appear until after the circulation was established, and until the 
embryo had a large lumen in the fore-brain like fig. 4. 

Ill the pure F. majalis the yolk chromatophores appeared twelve 
to twenty-four hours later than in the F. majalis egg hybrids, at 
a time when the embryo was in a stage about half way between 
those represented in figs. 4 and 5. 

Thus it is seen that both with respect to the time, and with 
respect to the development of the embryo, the hybrids had rates 
of development intermediate between those of their parent forms, 
and there was no indication of Mendel ian dominance. The dis- 
covery, however, of factors which necessitated a Mendelian inter- 
pretation of the development of the head pigmentation, which, 
at first sight appeared exactly similar to this case of yoUc pigmen- 
tation, makes one suspect that more study may result also in a 
Mendelian interpretation of the rate of development of the yolk 
chromatophores. 

Although in this case the intermediate position of the hybrids 
and the lack of dominance is most evident, the same phenomenon 
is seen to a less degree in the development of the black chroma- 
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t(![)hores of the lateral line, and the arraiigenient of the black yolk 
rhniinatophoreSj where incomplete dominance is associated with 
differences in rate of development, Newman’s rosidts also 
point in the same direction, though he does not mention tliis con- 
ir:ist between the absence of dominance in characters connected 
witli the rate of development and the })resence of dominance in 
,,tlK'r characters. Thus most of the characters which Newman 
iii\ instigated were concerned with the rate of development and 
ill iiKist of them he found ^blended heredity/ Thus we see that 
in general characters connected with the rate of development 
v[i()\v blended heredity, and it may be that such characters are 
>1) intimately connected with extra nuclear substances such as 
tli(‘ volk that complete dominance is not o]:)taiiiable. 

LATER DEVELOPMENT 

'rhis later development concerns only the two tmreut species 
and the F. heteroclitus egg hybrid for the F. majalis egg hybrid 
was never found to live longer than two days after hatching. 
Xcwman found that none of this form hatched; but in these exper- 
iments, usually a few fish hatched in each series, perhajis a dozen 
in all. In all of these the hatching seemed premature, the yolk 
sac had not been absorbed, and the fish died a little later. 

In the other forms the chromatophores began to contract shortly 
after hatching, probably because they tlien came under the influ- 
ence of the nervous system. As the amount of contraction varied 
with the environment, and with the condition of the fish, close 
emnparison of color patterns, and of size and shape of the chroma- 
tophores was no longer possible. The motions of the fish, for 
it was usually not safe to risk narcotization, also inadc exact 
coniparisions difficult, I think, however, that it may be safely said 
that the only changes that have taken place since hatching arc 
all in the direction of making the throe forms more like each other, 
until at the present time, three months after hatching I can 
find no characters which will distinguish any one form from the 
otlpT two. They all have developed much more pigment of tlie 
black and greenish yellow kinds, especially in the dorsal region; 
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and thf‘y all have developed from three to six or seven trails- 
V(*r,se black bands du(‘ both to an increased number of chromato- 
phores and an increased expansion of the chromatophoros in the 
rcf^ion of the bands. Between the bands there are at present 
usually not inor(‘ than one black chromatophore to the scale, while 
in tfie niori' pronounci'd bands there may be as many as four 
or five cliromatophores to the scale. The present appearance of 
the fish is much like that of the females of F. heteroclitus shortly 
aft(u’ the breeding season, when indistinct transverse dark bands 
may be seen. 

(‘HAllACTKKS OTIIi:il UUtAX THOSK OF PKIAIKNTATION 

As regards the rate of the development of the embryo my obser- 
vations confirm those of Newman on most points. The deveh 
opment of the F. heteroclitus egg hybrid was slower than that of 
its maternal jiarent; and the development of the F. majalis egg 
hylirid, during the early stages was faster than that of the pure 
F. inajidis. After hatching the F. heteroclitus egg hybrid seemed 
more vigorous and grew faster under like conditions than either 
of the pun' forms. 

The failure of the F. majalis egg hybrids to develop well during 
tlu' lat('r stag('s seemed to depend primarily upon the poor diges- 
tion of the yolk in this form. The first considerable difference 
that could be seen between the pure F. majalis and the F. majalis 
egg hybrid was that in the hybrid the yolk was not digested away 
from under the embryo as rapidly as in the pure form. A result 
of this api)eared to be that, when the heart was forming, the vesicle 
underneath the embryo was very shallow and the normal anterior 
curvature of the head did not take place (compare figs. 28 and 
29). These two facial's seemed to be responsible for the fact that 
when tlic heart first began to beat in the hybrid it was closely 
pressed to the ventral side of the embryo (fig. 28) and did not 
extend across the vesicle making an angle of nearly 90*^ with the 
embryo as in the pure form (fig. 29). Consequently from the 
very first the heart in the hybrid was much stretched and on the 
lu'xt day when the circulation had become established the heart 
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in the hybrid was much longer, narrower, and less efficient than 
in the pure form. In the hybrid the heart never did get o\’er 
this initial handicap but was stretched farther as develoimiont 
proceeded until finally shortly befi>re the embryos died it had 
;t>sunied the appearance shown in fig, 30, and at eaeli beat was 
propelling only a very small amount of blood through the vess(*ls. 
It seems then that a slight retardation in the digestion of the yolk 
led to such an increase in the distance between the ])oints of 
;t(lachment of the heart to yolk sac and embryo, that the heart 
could not grow fast enough to catch up, but remained permanently 
disabled. 

SUMMARY 

I. AVhile it had been generally assumed that in hybrid embryos 
t}j{‘ inheritance was either maternal or patenuil, Loeb, King and 
Moore have called attention to the fact that for the hybrid S('a- 
urchin embryo we find dominance of individual cliaracters as in 
tlie adult. For Fundulus hybrids Newman found a dominance oi 
It few individual characters, but usually found the characters inter- 
mediate between those of the two parent species. In this study, 
which is concerned mainly with the pigment charaiders of Fun- 
dulus heteroclitus, F. majalis, and their hybrids, dominanct* of 
ir.dividiial characters has been found in most cases, as iii the fol- 
lowing characters : 

a. The character presence of many large red yolk chromato- 
phores (F. heteroclitus condition) is dominant over the charac- 
ter -presence of few small red yolk chromatophores (F. majalis 
condition). 

b. The size and shape of the black yolk chromatophores of 
F, heteroclitus is dominant over the size and shape of these same 
cells characteristic of F. majalis. 

c. The presence of a fii*st crop of head chromatophores aj)i)ear- 
ing before the majority of the head chromatophores (F. hetero- 
elitus condition) is dominant over the absence of this crop of 
head chromatophores (F. majalis condition). 

d. The presence of red chromatophores along the lateral line 
at hatching time, or shortly before it (F. heteroclitus condition) 

THK JOritNAL OF EXPERIMENTAL ZOOLOGY, VOL. 12, NO, 2 
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is dominant over the absence of red chromatophores at the same 
time (F. majalis condition). 

2. In all of the above characters which concern mainly the 
f)resence or absence and not the time relations of the pigment 
characters the dominance is very evident, though often to a 
certain extent incomplete. 

‘h In the following characters, however, which are mainly 
concerned with the time relations the dominance is much less 
complete, or wanting altogether. 

a. At hatching time F. majalis has a row of 50 or 60 black 
chromat()i)hores along the lateral line, while in F. heteroclitus 
there arc usually no chronmtophores on the lateral line until 
hatching time when they begin to appear and gradually increase 
in number. The hybrids are intermediate, having at hatching 
time about 15 or 20 black chromatophores on the lateral line, 
and developing additional cells more rapidly than in the pure 
F. heteroclitus. 

1). When the yolk chromatophores in F. heteroclitus first 
appear they are evenly distributed over the whole yolk sac; 
whiU^ in F. majalis they are absent from the yolk hemisphere 
farthest from the embryo. The F. heteroclitus egg hybrid is 
like its maternal species, while the F. majalis egg hybrid is inter- 
mediate having, on the side of the yolk sac opposite to the embryo, 
a small area in which the chromatophores are either absent or 
fewer than elsewhere. 

c. A more perfect case of blended inheritance exists, as New- 
man has already shown, for the time of appearance of the yolk 
clu’omatophores. In F. heteroclitus these cells appear much 
earlier (both with respect to tin\c, and with respect to the stage 
of development of the embryo) than in F. majalis. In the hybrids 
the time of appearance of these cells is intermediate, but each 
hybrid resembles its maternal more than its paternal parent. 

4. It appears then that the prcsei'icc of certain pigment char- 
acters dominates over their absence or lesser development; while 
for the time relations of these pigment characters blended hered- 
ity holds. This difference may be fundamental or due to an 
incomplete analysis of the time relations. 
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A similar (•as(‘ of hkaulod inlioritannA dc'siM'ihtd hy Ni'wiiian 
ilio tinu‘ ot lirst ap])(\araiua‘ ot ln^ad piuna'iitat ion. was found 
lit* actually a cast' of tlu> comliiiiation of t^\() (-I’ops of hoail cliro- 
itoplior(‘>. d'li(‘ s(a‘oiul ci'op app{‘ais in doth -pcnios ami hv- 
.({- Tim lirst ci'op is j)ivs(mt in F. lu'ha-orlilim and both liy- 
ids and iH'tam its pi'(vs(‘ii(a' is a dominant in tin’ MrndiFan scnisia 
(i. Jniiii(Mliat('ly after hatching i}i(> rhara(‘t('rs wliicli }iav(‘ servt'd 
. di>tinji:uisli the four forms he^in to disapp(^ar so that after 
few months l)otii ptiiv species and tin' hvhrids hiok pi'aiU i<-dl\' 
like. ■ ‘ ■ 


\I1 <irauin-^ I'n.m livili- 'Hr ,,|,;m]U(' cii l-ulll;, I npi,ur,-s ;,|- 

in rr‘iL DoOcu lilM S inilicMlr hlond \ H lir;if 1 . 
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i'li!;. •} Kiiic 1-'. liCK-ruflitus, und one Imll ulij. fii culni ion 

■’ timre Ilian a fnu heloO’ drawinii; iicjiai]. X ‘Jd. 
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[•'iii;. 1 INtrc I'’, lich'i'oclit ns, 'fivt' dny.s old, sliowiii^ (hr hrnin rliroiiKiioijliorr- 
;i nd (it t he vol k (divoiuatophin'i' iiboiit l Ix' ('inlnvo. // lu'ai't. X 

Ims:. d l‘iir<‘ id iK'liToclit us. sIn da\s old, .-howiii^’ ih(‘ lirsi crop of liram i-li!'-." 
itiat opliori's well i’\p:nid('(| . Kod lurdii clii oinat oiiliorcs iiol dravsii. )< ‘J.'). 

(i Satitc (Midiryo dr:i\N ii in fiii. d, I up uiiK’lia'n hours hater showiuji ihc (ii>i 
a|)p('ai'atua‘ of ( Ih' si'Coih! cro]) of l)r;iiii clirniualophota's. 'riic four la'lls of iIk- 
lirst crop siill nH‘oc:iiizai)lt‘ X 2d. 

l-’iu- T Same (‘luliryo dra\Mi in tijia th but forly-ri^lp hours later. Siiows tlx' 
I'tision of the luaad (‘hroinal o|)hores, 
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I'l^. H' I'lirc !■ - (i;i\ - ttid. In >:iitic >ci'i(‘s ;i> ctiiliryf '■■ 

I'm !l. SlinWv ;ili.-cin-i' (il llirliivi rmp ( i|' Ik-k 1 t‘li n Mi!;( I nplinfc- ; :i Un r|i:i i';(cl ci’i - 

1 ;r ^li:i|n' I'l liLii-k ynlk t'ii t'l nplun'c^. 

I'i^. II 1'. tli;ij:ili> i‘ii” liylitnl, -i\ d:i\'- old. Shnwv >h:ipr ;iiii! ;! I'l'M tmctiicir 
of ynlk <'hi'nin:iin|dH>|-{->. l',l, 

Idu,. I'J l‘i|n' 1', :'i\ d:t\> nid. Slin\:> tlic ;il>M‘nr(' t)|' ynlk idn-iitliril*'- 

jilioi'i'^ (ih t III- pui t nl lh(' ynlk ;iu ;iy I'fnni | he nmliryn. Man>' rlil'ul!lalnj)lHpi'i‘> lir.;: 
I Im t'li i M-yn wi-i'f im! di aw n a" t ix-y urn- ii.ucli nl i>('iirt'd liy 1 1n- ynlk ^!nl)iili-s. • I'- 
I'll!;, 'id I’ui'r 1 . iirlrini lil li-, I'niir days nld. '1 \\(‘i f iin hlinal vrS'i'' 

lu-al' ill*' rrlls liilircd. Slmus rlia tad rt'isl ir s'ally r lifnliial n|)linf(‘ 'irnup. Iiriiif'- 
! la'\' lia \ 1 ‘ mi.lil'a l rd nlit n l Im him d \'«'>>rls, l-'niUl‘yu satlin >t au'r as ’J. ■ 1 M. 

l-'ijj:. 11 Id lt(‘ici'<:('l.H!s c-ii liyhi'iil, Iniir days nld ; has idtnil cifriilat iim. Ida- 
hryo sait.c sia'^i' as liy. ‘J. >|in\\.s rharaiMd'isi ii- yi'nup nf ynlk climtiiai nphnn-s «'■ 

I 111- sldi- ul i 111- ynlk s;n-. nppi Ini he etiilit'\ n, w heic I he Mnnd vi-s.'els have ;ii-' 
lieenitie eslaldislted. 1 1 1. 
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I I!:, l.'i Diu<‘ In'M'i'oclit ii>, l\\(-i\c il,-iy- iild. I'ully ilrM-lnprd )cil (-|j ci )i i i.-i - 

I'li'ih- i:c:ti- I lie f\\‘ ot' rii Kryn, I)ii1 led liiii-.- I tid I (-.-i 1 c hluoil ■ 7d. 

I lU. h'l I-'. Iiclri-ccln II- i-yy hyiirid. 1 \\(-l d,-i> - old. 1 'nil \- dr \ i-|o|ii'd M-d ,\ o|k • 

in i-riitci' ij|' ■ imci' in Klm-k (•li['oin,'i I i)|>liojr roi ifiilnin. •' D’l. 

I 1^. 17 i’liii- j-'. iii;ij:di>. lliirl'-cfi d!i\-- old. ( 'li;ir;it-l i-i-i.-t i(- M-d yolk (-|)i-oni;i- 

1 iii. I’lifi- 1 -'. li(-t ci'oclil 11,-. ,-i\ d;f\',' old. ( ii'oiip of l■i|^(l^!l.'l1o|)l|llt■t■^ lji---i)i- 

OL' 1(1 fortll ('li]'(..|tl,-)Io])lio)i' |-('t iciilum on iiloi.d \i-->rl- ncnl- li'll rvi-. III. 

1 iu. 1^1 I’, [ictin-oclii 11 .-' i-yy li\ Kri<l. -i\ ol'l. Snii c M't-ii'> rirpl .'ntin- nii'- ;i.' 
:^l-!.''0 of liu', Is. ( ifoiip of' ciii-ntiintoldion-- rjli liloo.l S'os.-r-l ni-nc led I I K 





I’ lji- 'jn Pure [■ . lu'l t‘t <n'Ht U". sr\ (’ii (la\ s nlil. S;tltic cliiht vn a> in fiji. I''. 
( 'liminai oplmn's iiti 1)1«ki(1 \ ('r'S(i in'ar trl'i eye, 'I'o sliijw ihct't'asc in size aiul (-otii- 
[tl(‘\ll \ (lilt itiu; la>t t u cut y-l'i)iir lunirs. X til, 

I'l^ ' 1 \ I'. Iii't i‘i'o( lit iis I’y:^ hyl»ri\l. Sanic I’tiilu'vo as in I'J. ( o- 
lilioi'i'.' (til hl(i(i(l M'ssi'l nrar l(‘ft (‘vn, Noti* incivasc in st/a* oj' I’ad cliritnial oplmia's 
and (Ilf I icuiiiniiiji; tit’ tin' small prttci'ssas (»!' Itlack (•ln-( iliia t nplion's. X ll'l. 

!' ill'. ’J'JI Piifc 1' . iH'h'fiu'lii iis, (’It’K'ii days nld. 'I'ypictil fully (luvf'lopi'd rial 
clifninat iipliitia' aniiiD”: the lilack ( li I ( mi a 1 1 ijtla ui’ vmimiluin. X HI. 

I'iii:. '2'^ V. ln'i('ni(‘lil us I'jiii hybild. (‘It'M n d;iy> did. Uf sait.i* aiit* ainl s(‘ri(’s 
as uinliryd in ti^. 'J2. with u Iddi it i> It* lu* (’innpa n'd . N ot c ilnulils' layer ttf chi (•- 
mat dplitti cs and fine black icticular pruccsst's. >. 111. 

I'i.c, 21 I’liK' !■'. hi't(‘r(U'li( us. Must of llu* (’yu,s of this lot had hatched, but 
ill I his cm I try (t t lie circul.al iun had si dpptal 1 hoiiiili I he heart was st ill bcaTiiiii. and 
the blddil vi'ssels distinct and full of Itbrnd. Tin* yulk ( liKUiialnpImia's }ia\c lK'«i;ini 
!d Idsc their arraii^i'iiicnl on the hlood \essels and ha\'e (l(‘V('1ii])C(l imich h)nc(>r 
itranclu's tiian atiy iKuinall}' si’cti in tliis species. X 11 1. 
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I'l^i. '_'•> l’ur(’ 1'’. mkiimUs, t }i irt y-(i\-<' d.iys (i!il, jiisi h.‘(t cljcri. Shnus thr lim- 
■ '! I III I lilt'll u] (lu U'C^ ;il* III ii 1 ti(‘ ( l(»r,<;i 1 yi! rl ;l (T ul 1 1 1< ‘ I KT'.'I' rni’r 1 , A , . A , \\ !i ir h well' 
' '\|':tinlf(l ; tiiiil 1 lie mil I Viii'l crl ell f<ilil:( I iiJiliniT' (if I he l;)l<M':il liiii' , L L. .1 .1 

I' r - fill vein, Neil her I he ('lii'()iii;il Dpliorey lit) f lie.'-e I;i>l tutisc'- 
f' her I ill i he (liii'yal yiiri :ir(‘ of (he ji<h h:i \ e 1 H'eii 1 1 row n in, l*.’i, 

I is:. I', heterocliiu.' ('li'ii' hylii'i'l. 'ixteeii (hiys ohi. |it>! Ii.ti elll•<l. N .''line 
' iirntiiatoplioti'S utnler (lnrs;il >kin, jnirtly eontrueleil hy 1 he n;i reol i/.;i l ion. 
.\ eliro)ii;i( oplioro Oil (ier\e cure, [eilt !>■ conn .-teled : /. /, l:iler;il line. .Ml 

'!.<■ I'l'il chruni:ito])|iores coni loeieii. Iihiek rhroni;i I ujifn irC'. pnilly col i1 rn I'l ei I :il 
v\i)ere I hey foniicil :i eoinplele line w hen i he dr.-iw ine w lie;:iiti. 'n I In* ci’ii- 
■ ' r ol I )i,' lot erni lint' (lie- cliroin;i 1 opliore.' ;i ndeil : iile I oli 1 lie rililil .'Olne ol 

'!"'!n lire coinph'K'lv euilT meted on necotllit of .‘inotlier do>e of nnfcolie. ,1 .1 

■.\ori:i r ,r = \'(>iitml vein, ( lironinl oplioi'er- <»n lliese he-l (wo \(T-'el> 
‘i'c'.vii in from annllier (imnml rm-terl lish. / 2.'). 

1' it:. 27 J’ure !•'. hetin'oclit ns, jn.-t Indchi'd. Shows red ojjnijne l•}lron!;^tophot^^- 
■ ■ (l.'e latt-r.-d line, X 127. 
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3S l'\ Tiiajalis hvl!ri<i. four days olil. Shows })ositioii of jhe heart 
which lias just hcmiii lo hi'at , and t he sliallow \-rsiid(‘, utiderueath the embryo. 

I'd*;. 2'.t I’uro I’’, uiajalis. four days old. Same s(M-ies and n^e as (unbryo in 
fiy:. 2s. 'To show il)(' ^r(‘at<'r di'pili of llu' x'csicha \’. umlrr the (unliryo and the 
normal position of Inaul and heart. Heart has just beiiuii to coiitr.ael. 

I'i.^. !•'. uiajalis e^;”; hybrid, t w etity-four days old. I)isseeted out of the 

ejiti: >hell at a time w h(Mi a hwv fish of the same lot had hatriied and when many 
had die<l. Shows \csicle \'. uiulei' I he I'liibryo and the liieatl) stretched heart 
within it . 



LONGEVITY IN SATURNIID MOTHS: AN 
EXPERIMENTAL STUDY 

PHIL RAU AND NELLIE ILAU 

FIVE CHARTS 

INTRODUCTION 

The observations and experiments herein recorded npon the 
!(ni^evity of some of the Saturniid moths were undertaken in 
order to discover the value of some of the theories that iiave 
been advanced to account for the duration of life. ]\Iuch of 
the theorizing is based upon the insufficient and inaccurate knowl- 
edge of the ages attained by different organisms and the rela- 
tion of such length of life to their reproductive function, as well 
as to their environmental conditions. The atterni^t to place our 
knowledge of the duration of life upon a scientific basis deinands 
the gathering of many data on many species^ and on the mated and 
iinmated individuals of both sexes. 

With these needs in view we found some members of tlie family 
Saturniidae in sufficient numbers to suit our purpose. A more 
important reason for this choice was the fact that they have 
ai)orted mouth-parts, and the adult insects take no nourishment. 
1 his would eliminate the probabilities of curtailment of life d\ie 
to insufficient or improper food. 

The cocoons were gathered and carefully strung to trees wheie 
they could be subjected to the natural changes of the w^eather 
conditions during the winter. Just previous to the emerging 
time they were taken into a shed, the temperature of which varied 
l>ut little from that of the outside. The imagines were kei)t under 
ordinary dome-shaped, wire dish-covers, which varied from 22 

32 inches in circumference. 
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This work falls into the following divisions: The duration of 
life in: 

1. Sarnia cecropia. 1910—178 insects from St. Louis cocoons. 

2. Sarnia cecropia, 1911—112 insects from St. Louis cocoons, 
(.'ocoons placed in incubator. 

8. Sarnia cecropia. 1911 — 42 insects from St. Louis cocoons, 
Imagines placed in ice-box. 

4. Sarnia cecropia. 1911 — 288 insects from St. Louis cocoons. 

5. Sarnia cecropia. 1911 — 133 insects from Long Island 
cocoons. 

0. Callommia promethea. 1911—170 insects from Creve 
Coeur Lake, Missouri, cocoons. 

7. Tropaea luna. lOll-^OO insects from St. Louis and Pike 
County, Missouri, cocoons. 

8. Telea polyphernus. 1911 — 19 insects from St. Louis and 
Pike (,'ounty cocoons. 

REVIEW OE THE THEORIES 

Before taking up the details of the work, it would be well lo 
rehearse here briefly the various theories which have been 
advanced to account for the duration of life. 

First among these is the theory of Weismann, that the dura- 
tion of life of an organism 

. is really dependent upon adaptation to external condi- 
tions, that its length, whether longer or sliorter, is governed by the needs 
of tlie species, and tliat it is determined by precisely the same mechan- 
i(‘a.l process of regulation as that by which the structure and functions 
of an organism an' adapteil to its environmentd 

I consider that death is not a {)nmary necessity, but that it has been 
secondarily acipiired as an adaptation. I believe that life is cndo^veil 
with a lixed (hiralion, not because it is contrary to its nature to be 
iiidimited, l)ut because the unlimited existence of individuals Avould he a 
luxury without any corresponding advantage. Tlie above-mentioned 
hypothesis ui)on the origin and necessity of death leads me to believe 
that the organism did not finally cease to renew the w'orn-out cell 
material because the nature of the cells did not permit them to multiply 


Essays upon Heredity, 2 ed., vol. 1, p. U, tSOl. 
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ir.<{t‘finitely, but because the power of imiltiplyinf? indefinitely was 
when it ceased to bp of use.- 

In answering the qiie.stioii (continues 'Weisnnnui, Joe. rd.. ]). 20). .as 
the means by wliich the lengthening or shortening of life is hrougiit 
y,out. our first appeal must Ite to the procc'ss of natural sc'hadion. 
Ditration of life, like every other charaelta'istie of an organism, is sub- 

jrft to individual fluctuations As soon as tlu' long-lived 

individuals in a species obtain some advatitage in the struggh' for exist- 
they will probably become dominant and those with tin' sliort- 
lives will be exterminated. 

Lankester,® according to Romanos, has pointed out "a highly 
remarkable correlation between potential loiigevity in the indi- 
vidual and frequency of parturition.” '‘This eoiTolation ho 
attributo.s to generative expenditure acting directly to the cur- 
tailment of life.” 

Hf)manes,^ who like Weismann sees in the duration of life an 
atlaptation, does not agree with Lankester that it is the genera- 
tive expenditure ''that causes the curtailment of life, hut that 
it is the curtailment of life by Natural Selection, whi(‘h caus<s 
the liigh generative expenditure within the lessened ptuand.” 

In opposition to the utilitarian theory of Weismann is that of 
ddtte,'’ that 

. . . . all animal?? are mortal, and re[)roduction is in itsedf the 

c:tiiso of death. Reproduction in Protozoa is preceded l)y oncystalion. 
Ill this condition the organism pa.s.ses into a non-living condition, from 
uliich it revives with renewed youtli and renewed life; a simihir <‘ondi- 
1 ion* occurs in the egg of Metazoa, during a certain ix'riod in whi(di it 
hu'iii.s an unorganized, non-living body, compost'd of organic substances. 

Eimer’s® own opinion is that in the Metazoa as well as in the 
Protozoa the germ cells are immortal; oidy the .soma dies. 

1 lie latter is not really an end in itself, hut rather its principal furc- 
tdii IS to ensure the maintenance of organic life, h\ favoring reproduc- 
tion. hy sheltering the germ-eells till tJieir maturity, and in onler to 
d<'}>o.-^it them rei)eate<lly; further, by the dispersal of the same iir space, 

■ l.of. cit,, p. 2o. 

"Comparative Longevity, 1S70, quoted bv Romanes, Monist. vol. o. p. 103, 
Is!*.;. 

* .Monist, vol. 5, p. 103, 1895. *■ 

Counted by Kimer, Organic Evolution, p. 67, 1890. 

■' boc. eit., p. G8-69. 


0«K JOVKXAI. OF EXPEKIMEXTAT. ZOliLOOY, VOI., 12, NO. 2 
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by iacubaiion in the widest sense, and so on. Further it has the func- 
tion of strengthening the power of endurance o^ the species by the inher- 
itance of acquired characters.’^ “Reproduction is unending growth. 

Not reproduction is the essential cause of death the 

soma is not really an end in itself, but rather its principal function is 
to on. sure the maintanence of organic life by tavoiing reproduction. 

Minot’ seems to conclude that “the duration of life depends 
uj)on the rate of cytoinorphosis. If that cytomorphosis is rapid 
the fatal condition is reached soon, if it is slow the fatal condition 
is postponed.” 

Flourens’^ thinks that the length of life of an animal is equival- 
ent to five times its period of growth, while Nageli^ thinks that 
“natural death does not exist in nature, for trees more than a 
thousand years old perish not by natural death, that is to say 
natural decay of their vitality, but by some catastrophe.” 

Metchnikoft^® says: “It is impossible to regard natural death, 
if indeed it exist, as the product of natural selection’ for the bene- 
fit of the species. In the press of the world natural death could 
hardly come into operation because maladies or the voracity of 
animals so frequently cause natural death.” 

While Morgaii^^ says that “in some cases the length of life 
and the coming to maturity of the germ-cell may be, in some way, 
physiologically connected seems not improbable, but that this 
relation has been regulated by the competition of species with 
each other can scarcely be seriously maintained,” he will ^^not 
pretend to say whether the mutation theory can or cannot bo 
made to appear to give the semblance of an explanation of the 
length of life in each species.” 

Other theories of less importance are reviewed by Metchnikoff 
in “The Prolongation of Life” and “The Nature of Man.” 


’ The Problem of Age, Growth and Death, p, 228, 1908. 

* Quoted by Metchnikoff, Prolongation of Life, p. 49, 1908. 
^ Quoted by Metchnikoff, The Nature of Man, p. 265. 

Loc. cit., p. 267. 

Evolution and Adaptation, p. 371, 1908. 
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OBSERVATIONS 

In 1909 notes were made upon the duration of life in the Ceero- 
pia moth. The observations were made upon only a small 
number however, so it was decided to carry the work on during 
1910, on a much larger scale. New factors of much interest were 
discovered entering into the work of that year, so it was deemed 
best to continue an experimental investigation through a third 
\ ear in order to get adecjuate and conclusiv^e data on some of 
the phenomena appearing. 

These three consecutive years of observations on the Cecropia 
were made upon material gathered from the same locality, River 
des Peres, St. Louis. The parallel work was carried on upon the 
Cecropia moths from Long Island, New York, in order to ascer- 
tain whether there were any unusual phenomena in the St. Louis 
material due to purely local conditions. 



TABLE 1 

Mean duration of life 





S. cecropia. 1910. i 

St. Louis (early).. 17.40 17.67 14.83 16.80 15 77 17.29 17,59 15,79 
S. cecropia. 1910. 


16.65 


St. Louis (late).... 10.62 10.52 9,46 10,50 9.90 10.51 10,50 9.70 10 14 

S. cecropia. 1911. 

St. Louis 7.52 7.73 6.96 7.90 7 20 7.81 7.70 7 71 7.71 

S. cecropia. 1911. 

New York 7.90 8.54 6.62i 8.25 7.25 8,42 8,37 7.65 8 ()6 

8. cecropia. 1911. 

8.10 8,31 7.03 : 8,80 7.40 8,48 8.24 7.73 8 00 

S. cecropia. 1911. 

; 17. oS 19 39 18.60 

V promethea. 1911. 3,74 4.21 5.18 ; 6 . 54 4.51 4.01 4.13 6,21 4.82 

i-luria. 1911 4.60 6.07 6.60i 5,80 5.60 5 96 5 86 5 96 5,90 

1- poly phemus. 191 1. 5,33 9,29 6.79 


Table 1 bilnga together the means of all the lots of material, and will be referred to frequently 
lor compjirigon. 


'•Trans. Acad. Sci. St. Louis, vol, 19. np. 21-48, 1910. 
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The St. Louis C'ec‘rDj)ias will be discussed in detail, and the other 
jj;rouf)s will Ixi taken up later only for comparative evidence. 

The moan duration of life of all the St. Louis Cecropias (under 
iKJi'inal conditions only) for the three years was 10.61, 13.73 and 
7.71 days. We are at once struck with the great variation, for 
in so l>rief a life a day is as a decade in the life of man. If now 
we can detect the reasons for these variations from year to year 
in the life of the population, it may lead us toward the discovery 
of the fa(‘tors controlling the duration of life of the species. 

In 1910 notes were based upon 178 insects from the 205 which 
em(‘rged, (101 males and 104 females). Hardly was the work 
l)(‘gun when a marked difference in the date of emergence was 
obs(‘i’V(*d. The insects of that year began to emerge on April 13, 
a month earlier than in the year before or after. 

Tabl(‘ 2 show^s at a glance the marked correlation between the 
date of (‘mergence and the duration of life of the animals; those 
wliich (un(‘rg(Hl ('arly lived distinctly longer lives than those which 
ai)pear(Hl late in the season. The duration of life of the entire 
])(>pulation varies from 5 to 25 days. The table clearly shows how 
all of the early emerging insects segregate to the long-lived lot, 
wdiile thos(‘ enua'ging late in the season fall under short lives. 
In fact. May 14 s(!ems to be a distinct dividing line between the 
early emerging or long-lived groups, and the late or short-lived 
group. The late lot, taken separately, has practically the same 
dates of einergoiice and duration of life as the 1909 population. 

It certainly seems remarkable that the population should split 
up iu this fashion; the problem is most per])lexing. The ques- 
tions at once arise in our minds: Is long or short life hereditary? 
Is it regulated by climatic conditions? Are these results due to 
local conditious, and would the same be seen in material from 
other localities and iu other sj^ecics of the same family? Has 
eacii organism an '‘allotment" of a certain number of days, i.e., 
fi’om the time of the fertilization of the egg to the death of the 
adult, and is a longer or shorter period in one of the early stages 
correlated wdth a shorter or longer life in tin? imago? 

A cause for this early emergence is very uncertain to deter- 
mine without tracing the duration of the different stages of the 
wdiole lile cycle of each insect. Ilut the fact that this abnormally 
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early einergence followed the exceptionally warm month of March 
at onc<j leads one to suspect that the high temperature at that 
stage of their i)upal development may have accelerated growth. 
The mean temperature for March, 1910, was 57.5"^ F., as contrasted 
with 44° and 47° for the other two years, and the maximum reached 
was 87°.i^ 

It was noticed that during some of the cold days of April and 
May the animals showed signs of extreme sluggishness, and while 
( ’ecropias in confinement seem to be inactive only during the day, 
those which were on hand when the cold snap came were extremely 
sluggish during both day and night. It was thought that the 
cold had a direct effect upon the duration of life, for when the 
animals were inactive, little or no reserve nutriment was consumed 
and this saving of vital energy, which is never replenished, may 
have prolonged their lives. A correlation clearly exists between 
temperature and longevity. We find that almost all of the long- 
lived insects (table 2) emerged between April 13 and May 10. 
These died at intervals between April 27 and May 29. The aver- 
age of the daily mean temperatures for this period of 47 days was 
57.5° F. The short-lived ones emerged between May 11 and 
June 17, and died between May 21 and June 28; the average 
of the daily mean temperature for this period of 49 days was 
68.1° F. Therefore the average of the mean temperature was 
lower by 11° during the time when the long-lived insects existed. 

Now when we tabulate these two groups separately (tables 
3 and 4), we find the mean duration of life of the early lot to be 
16.65 days, while that of the late ones which ran into warm w^eather, 
is only 10.14 days. 

To quote from the Monthly Meteorological Summary of the Lmiled S+ates 
Woutlior Bureau: “The weather for March was very unusual. The mean tem- 
perature was i)7Jf which is 3,2® liigher than for any previous March and the tem- 
perature was continuously above the normal except on the 9lh, 10th, 14th and 
15th. The maximum temperature for the month was 87® and this has been 
exceeded but once in March in the history of the station. Freezing temperatures! 

occurred on throe days only The number of clear days, 22, is the 

highest ever observed in March, and the number of cloudy days, 2, the lowest. 
The suii-sliine w.as 70 per cent of the possible amount and was greatest for March 
since the records began. 

All temperatures given in this paper arc quoted from these reports. 
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I'he desire to test further the influence of temperature upon 
If^iigth of life led us to (1) the Incubator Experiments, and (2) 
the Ice-Box Experiments. 


TABLE 3 

Early emerging, long-lived Ceeropias, 1910 
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1 3 

3 3 4‘ 3 3 ■ 
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1 2 2- 257 

17.29 

1 1 

2 3 

3113 3 1 

4 3 3 2 2 1 

2 2 1 ; 147 

17 59 

15 4 2 

2 2 

1 4 3: 3 1 3 

13 11 

2 1 151, 

15.79 

10 5 2 
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4 5 4 6 4 4 

5 6 4 3 2 1 

2 2 3 1 2*JS 
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TABLE 4 

Late emerging, ekort-liccd Cecropias, 1910 
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5 

6 3 3 

2 2 

1 1 
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M 2 ; 42 

9.76 
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; 2 : 3 2ri, 1 


9 6 5 

0 3 

4 1 

9 6 

7 111. 
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LVCTJBATOR EXPERLMEXT.S, CE('T;()]>IA lyil 

After the work of 1910 had given a clue that the climatic con- 
ditions may have been a factor in regulating the duration of life, 
it was thought that if by some method the cocoons could be con- 
trolled so that the imagines could be gotten in January or Febru- 
^ 1 *} and subjected to the climatic conditions of that season, some 
iiiferestiiig results would be obtained. 

Some 300 cocoons were placed in an incubator on September 
20. the temperature of which was regulated to about 70° F. 
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(about thf! m(‘an tninporature for the period in 1910 when the 
moths (Mnerged). Up to the 10th of January, nothing had 
eirKU'ged. At this time a living-room was obtained with a fairly 
even temperature. Up to the middle of February no results 
w(‘re obtained. It then became necessary to remove the entire 
lot to the basement, the temperature of which, while not recorded, 
was moderately uniform and distinctly higher than that out-of- 
doors. Th(^y were sprinkled with water at intervals of a few 
days. Th(‘se details would not be worth recording but for 
the fact that it was expected that under these conditions the 
insects w^ould probably emerge somewhat earlier than the normal 
time. On the contrary however, the 162 insects which emerged 
(72 males, 90 females), loft the cocoon betw^een June 5 and July 
0, th(' latest period yet met with in C'ecropia work. 

This lot w^as gathered early and placed in the incubator very 
soon after pupation, wUile probably some of the cocoons still 
contaimal larvae. It seems that the constant even temperature 
conditions at this stage made the animals lethargic and indiffer- 
ent to the normal development, when only a year before an unu- 
sually warm March had probably caused many to emerge sooner. 

The warm March of 1910 caused an earlier emergence, but 
warmth was furnished to the insects at a period of their develop- 
ment when they were susceptible to its accelerating influences, 
but when it w^as given them at an early stage of their pupal devel- 
opment, counter results were obtained. 

Uan it be that they spun their cocoons in preparation for 
the cold of wd liter, but just about the time or even before they 
had left the larval stage their summer (i,e., high temperature) 
was resumed so they lacked the stimulus (cold) to start them 
promptly in their pupal development? 

If w^e had reason to believe that the first animals to pupate are 
the last to emerge, this \vould easily explain in part the lateness 
of these in emerging, for they were all gathered very early in the 
pupating season, while many caterpillars were yet to be seen. 
Wo cannot believe, ho\ve\a‘r, that this can be a full explanation 
for the phenomenon, for the lateness of these toe far exceeds 
that of any others observed from the same region, either in cap- 
tivity or free. 
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Another interesting feature was the degnM^ of pigmentation 
• iisplayed those insects. WJiile no measurement was made of 
•he color or its distribution, the general darkness of this lot was 
( learly evident. 

Out of the 162 insects which emerged from the incubator lot. 
records were kept on the duration of life of 1 1 2. T\w mean length 
n{ life for this lot compares well (table 1) with the results from 
the Xew York and St. Louis 1911 material. The following tabh' 
gives the details of the duration of life of this lot. 

TAin.K 5 

Incubator (\:crnpinri 


" S f> in II 11! i:i 14 ]5 


ty .s 2 2 4 1 n 4 2(1 ''in 

Ciimutcd tyjs 3 4 4 11 ' S 4 3 2 ;<«» s 31 

Mak'il 9 '3 I 3 10 !1 2 S ; i,;} 

1 niitalod 9’fl 1 1 4 3 5 2 1 2 1 20 S S(l 

Ail mated InaecLs . . . 1 5 13 13 3 14 4 53 7 }() 

Allutiiiiat^il iiispi'ts, . 4 5 8 : 14 13 (i 4 4 I r,!) s 4,S 

All o'' a ‘ 5 7 8 A2 14 4 7 2 5!) x 24 

Alley's 1 4 11 13 I 5 13 2 1 2 1 53 773 

Wlit.le population, I 1) IS 21 17 27 fi s 4 ] Hj s (tO 


ICK-ltOX AIATKRIAL. ( KCROFIA nni 

Finding it impossible to get the incubator material to (amn'ge 
during the winter, and wishing to ascertain definitidy whether 
the duration of life is influenced by low temperature, a miinher of 
cages containing two insects each were placed in an ordinary 
iiousehold ice-box, the temperature of which varied from 9° to 12^ 
and on a few occasions 15°. Forty-two insects were iisimI in 
this experiment, and the duration of life varied from 6 to 32 days. 
Had the temperature been uniform in all parts of the ic!(>-box, 
the 18 imsects which lived 13 days or less would probably have 
li\'ed longer. As it was, most of those whicli wer(^ kept on th(' 
top shelf nearest the ice compartment lived the longest. ( orre- 
lation table 7 shows that their contemporaries lived the normal 
number of days. 

Lack of facilities and material made it impossible to make 
Jnore extended observations. This number, however, gives suf- 
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ficient evidence that long life in this case is a matter dependent 
upon climatic conditions. 

TABLi: 0 

fee-box ('ecro'ina!^ 


CLASS A - MKav 

fj ;{ 8 DlOll 12 1814 15 10 17 181!) 21)21 22282125 26 2728 2!J3[)31 32. 


Males i 1 j 2 2 123 i; 2 1. 1 1:12 1 I 1 1 24 17.58 

i^Viiiales i 1 2 i; 3 1 1 Si 1 1 1 3 18 19 3!* 

All M I 2 2 3 31 6 1: 2 1 2 I 1 1 si I 3 1 1 1 4 11 42 18 00 


This ice-box material compares well in the duration of life with 
the early lot of 1910, but the fact must not be forgotten that in 
spite of being kept in the ice-box at a temperature of 9 to 11° C,, 
the insects were not so sluggish as th^ were during some of the 
much colder days of 1910. Could the refrigerator have been 
properly regulated, no doubt a greater period of life could have 
been attained. That the animals were far from inactive was 
evident from the worn condition of the wings. (Population and 
oviposition also occurred while under * these conditions. The 
activities of these may not have been normal ; still the profound 
sluggishness which was observed during the cold spells of the year 
before did not occur. 

ST, LOUIS MATERIAL, CECROPIA 1911 

The object of this work was to see if the population would split 
up into long- and short-lived groups as it did in 1910. 

This lot comprised 339 insects, 171 males and 168 females. 
Notes on the duration of life were made on 283 of this number. 
They emerged between May 8 and June 14. 

The 1911 population was tabulated in a correlation table (7) 
similar to the one for 1910. These emerged at the same time of 
year as did the late group of 1910, and the duration of life was 
practically the same. A chance break in the continuity of emer- 
gence (fig. 2) is probably due to the drop in temperature during 
those few days. This is also true for the break of only one day, 
June 7. 
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TABLK 7 


s y 1(1 11 12 13 14 
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11 

12 

13 ; 

14 

15 
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19 
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21 
22 

23 

24 

25 , 

26 ' 
27 ^ 


6-1 , 
2 ; 
3 : 

4 

5 I 

6 ; 
7 : 


1 


1 i 2 i 2 

3 ! i 1 

1 ■ i 

3 ■ i 1 


33 
I 25 


6 6 ; 32 29 . 56 60 41 , 34 10 4 4 1 . 283 


In comparing the means for the different classes of this lot 
(table 1) with that of the late emerging group 1910, we find the 
(luratiop of life shorter in all cases in 1011. Since this period 
'vas warmer in 1911 than in 1910, this only adds one more bit 
of evidence to our temperature hypothesis. A comparison of 
table 8 with table 1 will show how in every case a variation in 
the length of life accords with a Gimultaneous variation in tem- 
perature. 
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TABLE 8 

Mc.tUi U:>nii(riyitu'<:H 



iDfrtJ 

1010 

1911 



-14 

oS 

47 

April 

FA 


54 


i'4 

01 

71 

.IlHK- 

7.5 

72 

79 


Thus the warm March 1910 brought forth the insects at an 
abnormally early date; a warm May and June 1911 was assn- 
eiat(‘d with shorter lives of the animals, while for the same period 
in 1910, a slightly longer duration of life was associated with the 
lower temperature. 

It will be seen that none of the animals emerged at an abnor- 
mally early ])eriod and that none live?d an unusually long number 
of days. The table below gives further details on this lot. 
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16 
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28 

26 

19 
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2 
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All 9 'a 

2 2 20 

13 

30 

32 

15 

lo 

5 

2 

4 1 
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7.71 

W1k»U- KOKuUitinii 

6 {', 32 

29 

;)6 

(iO 

41 

34 

10 

4 

4 1 

283 

I 7.71 


NEW YORK MATERIAL, CECROPIA 1911 

To ascertain just liow foreign material would compare with 
St. Louis material, both in time of emergence and duration of 
life. 209 Cecropia cocoons were procured*'* from Queens County, 
Long Island, N. Y. These arrived during the latter part of 
March, and between May 15 and June 3, 139 imagines emerged, 
79 males and 60 females. Notes on the duration of life were made 


Fruin tin* Anierican Kntoniolofiifiil Company, New York. 
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\:VA of these. The lueaii duration of life of these eoinpares 
tt. ll 'table 1) with the data for the 8t. Louis material for tlie 
-aiae year. 
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To compare the longevity of the Cecro])ia mot It with that of 
oihrrs of the same family, some 300 cocoons of ( 'aliosamia pro- 
ftiethea were obtained from (Veve (\)eur Lak(‘ regiom St. Louis, 
early in the spring. These brought forth 1S3 imagiiu's, 1 10 nmh's 
ai:(l ()7 females. Notes on the duration of life could be made on 
i/O of this number. It will be noticed (tid^h^ 1 ) that the ni('an 
duration of life varies greatly in the sex(‘s, and that lluw do not 
attain the age reached by the ('(‘cropias. 
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Mayer^* found that most of the C. promethea lived about 3 
days. Table 11 shows that the life of these insects varied from 
2 to 11 days, with the mean falling at 4.8 days. These were kept 
in confinement; Mayer does not state the source of his data. 
The accompanying table correlating the length of life with the 
time of emergence shows no relation between these tw'o factors. 
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Mayer, A. G., Psyche, vol. 9, p. 16, 1900. 
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TROPAEA LUNA 1911 

To gather more data on other species of this family, cocoons of 
Tropaea luua were obtained. Sixty-two imagines (36 males and 
20 females) emerged between May 10 and June 4, with one excep- 
tion on April 23. Records were kept on 60 of these. 

It will be seen that the length of life of males and females was 
almost equal and that the mean for the eiitire population was 
greater than that for C. promethea. Table 13 gives the details 
of this work and is self-explanatory. 

TABLE 13 
Luna 


DATS 

CL.WS , * j T, MEAS 

3 ' 4 ■ .5 6 7 1 8 9 ' 

112 1 ii 1 fiO 

I’Diiiuted d''3 3 3 3 S 8 : 3 2 3l) 6 07 

MafeiJ 9'3 3 t : 1 : 5 6 60 

etimatfd 9’fl I 5 4 3 2 ,1 1 ; 20 5.80 

.•^11 mated itidects 11 2 4 I I ; 10 5.60 

.\II [imiiated Insects. 4 8 7 ll 10 j 7 3 ^ 50 5 96 

Altc!"'s 4 4 5 0 8j 3 2 - 35 5.86 

<tl 1 5 4 6 , 3 I 5 1 ; 25 5.96 

Whole ixjpulsUon r. 9 SI 15 11 j H .‘V 60 5.!)0 


TELEA POLYPHEMUS 1911 

Twenty-one cocoons of T. polypheinus gave 13 males and 8 
females. Notes on longevity were made on 19 of these. None 
of this species mated in confinement. Table 14 shows a remark- 
able difference in the life of the sexes, the male varying from 3 
to 7 days, and the female from 7 to 12 days. The duration of 
life of the entire population was 6.79 days. 

TABLE u 
Poli/p/iCTnws 

DAYS 

CLASS I I I T. MEAN 

3 ' 4 I 5 6 7 8 : 9 To ! 11 12 

Males 2 2j 1 4 3 , 12 5,33 

Females j 1 ; 4 1 i 1 7 9 29 

Whde population 2 2! 1 4 4 4 ij 1 19 6.79 
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PKOPoirnoN oi' skxks 

Tli(‘ a('(’ompan3’iiif' tublo shows th(‘ proportion of sexes of the 
(liff(‘reiit lots. Th(' ji;ran(l total slujws the males to be in excess, 
luu] (‘specialh' so in the Prometheas. Here the proportion cor- 
responds w(‘ll to tlu' in male's and ho females noted by Ma\a*r 
in ISIH).'-' 
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PKIOKITV or AtAIi: KMKUOKXCK 

Tlie evid(Mice j>;leaned from this material substantiates Dar- 
win’s conclusion that the males are the first to emerjye. In every 
lot excepting’ the lamas this was apparent, and in nearly every 
eas(‘ wl u'n' a break in the continuity of emergence occurred, the 
first sul)sc(tu(MitIy to emerge were also males. 

In on Dr to get some tangible proof of this priority, the mean 
(late of emergence was gottfui for the males and females of the 
(liffi‘i’('nt si)ecies. The dilferenei' betw('eu these dates would ob- 
viously be till' iiK'an priority of all of one sex over the other. The 
ditferenees given in table 16 are in favor of the males in all cases 
excepting the Jamas. 

The emergence of the insects on each day is shown in the accom- 
panying cui'ves. (Iraphs were made for only those species ol 
which we had sufficient numbers to make the curves reliably 


Psyche, vol. 0. |). 15. IIXK). 




Fig. 4 The emei^ence of 72 mMes and 90 females of Sarnia cecropia; incubator 
niaterial, 19U. 
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TABLE IG 

Cecropia, 1910 

Cecropia, 1911 

Ceoropia, incubator 

Cecropia, New York 

Promethea 

Polyphemus . ; 

Luna 

significant. Solid lines are for the males; tiottcd lines are for the 
females, and the dash and dot lines represent temperature. 
The figures on the base line are the dates when emergence 
occurred, the small numerals on the left are for the number of 
individuals, and the large figures are degrees of temperature in 
Fahrenheit. One can see at a glance how the males throughout 
keep slightly in advance of the females. 

An attempt was made to find whether any correlation exists 
between temperature and rate of emergence. No absolute state- 
ment will be ventured upon this point— the data are submitted 
for the readers’ own judgment— but to us it seems highly improb- 
able that such a close agreement as appears in a large part of the 
data should be no more than coincidence. A careful inspection 
will reveal a closer agreement than might at first be tfiought, ff)r 
of course it must not be expected that at the extremes of tln^ sea- 
son, when very few individuals emerge, there will be a marked 
appearance of such a correlation. 

In justice to the evidence, however, attention should be called 
to the fact in the case of those which began to emerge ab(mt May 
8, 1911, that although the temperature was then only 71°, yet 
that was a decided leap above the temperature of the preceding 
week, which was below 55, or about the same as April. The 
temperature for the balance of the month of May continued abnor- 
mally high. 

Darwin mentions*^ that this male priority is true of frogs, 
toads and the majority of salmon, ^^and throughout the class 
of insects the males are almost alw^ays the first to emerge from 
the pupal stage.” Wliether or not this holds throughout the 

Descent of Man, p. 210. A. L. Burt's reprint from 2 cd. n. d. 
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class of insects does not seem to be fully known, but in this mate- 
rial it is clearly evident. 

^Vn explanation of this early male emergence was attempted by 
Darwin. '^The cause of the difference between the males and 
females in the period of arrival at maturity is sufficiently obvious. 
Those males which annually first migrated into any country, or 
which in the spring were first ready to breed, or the most eager, 
would leave the largest number of offspring and these would tend 
to inherit similar instincts and constitutions.” 

This explanation is far from clear when we try to apply it to 
Saturn iid material. A more probable explanation would be that 
the mak^s enierg(; ill's! merely because they do not require such 
a long period of development to mature their gonads. The 
female has a larg(^ number of ova to nourish, probably requires 
a gn'uter amount of food in the larval stage and a greater period 
of pupation, and late emergence follows. 

Ihit the item of interest is to find whether early emergence of 
the rnak^s is an adaptation, as Darwin seemed to think, for the 
benefit of the sjiecies. I'>om the data of 1910 it seems that 
‘adaptation’ gives us males at one time, and when these are almost 
d(nul or too old to mate then a succession of females, many of 
which die without leaving issue owing to tlic lack of mates. To 
illust rate this let us say that with 101 good males and 104 females 
in 1910, 52 id ales (more than one half) could not be mated, and 
even though we called to aid some of the 09 stray males which were 
attracted to the laboratory, still it was possible to supply only 
(35 of the females with mates. It would seem that for the benefit 
of the race both sexes should eimu'ge at about the same time, (since 
both are mature for mating at about the same age) in order to 
eliminate any (expenditure of euerg}^ in finding each other, and 
to eliminate any jHissibility of a great proportion of the males 
and femal(\s dying without having mated, in spite of the fact that 
the s('X{es may be equal. 

It was suggested that the early maturity of the male may be 
due to a shortened period of development. This is deserving of 

It may bo that tlie inalos of one area migrate to another territory to aceora- 
pUsh mating, but we have no proof to that effeot. 
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rareful investigation on the length of pupal, larval and egg stages 
,,f both sexes, and might lead to a simple and jn-oper explanation 
-tf this phenomenon. 

COMPARISON OF TlUh I.ENCiTH OF 1JFI-: OF TJtF SKXFS 

In 1909 it was found that tlie males of the ( 'eeropia were lonj^er 
lived than the females. In comparing the duration of life of the 
-exes in table 1 we find the males to have lived longer in the llllO 
( Vcropias, the New York, and the Incubator Cccropias. In tlie 
Limas and the 1911 St. Louis Cccropias there wiis not a signifi- 
cant difference. In the Polyphemus and Prometlieas, the oppo- 
site is true; we find a great difference in favor of the females 

{ <e\rPARISON OF THE LENGTH OF LIFE OF MATED AND FNM V'rED 
INSECT’S 

In the entire Cecropia material and also tlie lYomethoas, we 
lind no appreciable difference in the length of life of the mated and 
unmated males In the females of the six lots, howc^ver, w(‘ s(‘e 
a significant difference apparently resulting from this condition, 
the unmated females being the longer lived. It is \'{>ry interest ing 
that mating may be such a tax upon the females (it cannot be the 
ovipositing, for the unmaled females also experience that) as to 
effect a curtailment of life. Xo such curtailment due to mating is 
detected in the tnales. In the Lunas, we find a \'ei'v slight diffi'r- 
ence in favor of the mated females. This result, howev'or, is (l('riv(‘d 
Irom a small number. ■ Inspection of the two columns of table 1, 
all mated and all nnmated insects, shows that the balance swings 
in cfcry case toward longer lives in the unmated insects. 

LAPSE OF TIME BETWEEN LAST J-XIG LAVINt; AND Dl-iATH 

According to Weismanii’s theory one would expect that in a 
monogamous species the male.s would die soon after mating, 
'\hile the females would live long enough to completely oviposit. 

In the five lots of Cccropias we find the mean duration of life 
to bo even greater in the mated males than in the mated females. 
Purely the continuation of such a long, useless life in the male 
‘‘aimot be an adaptation for the good of the species. In both 
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^le 52 fertilized and the 28 unfertilized females of 1910 we found*'* 
that life was cut short while most of the insects retained many 
epfgs. Now if the duration of life be an adaptation for the good 
of the species, why were not such lives permitted to continue? 
In many cases also a lapse of time, sufficient for completing ovi- 
position, intervened between the last egg-laying and death. 
Tables 17 and 18 shows the number of eggs each female retained 
and the number of hours it lived after ceasing to oviposit.*'** 

TABI.E 17 
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Unfertilized females 
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Trans. Acad. Sci., St. Louiy, vul, 20, p. 314-315, 1911. 
Less than six hours is designated by 0. 
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Here we may see many insects, both mated and uiimated, 
(lying in the very midst of egg-laying. Then again we see otlieft 
which perfectly or almost perfectly oviposited, continuing a useless 
life in some cases up to 38 or even to 96 hours. 

The long life of some females after completely ovipositing, and 
the duration of life of others to insufficient complete egg-lay i tig, 
and the long useless hfe of the male all lead to the belief that the 
duration of life is not, as Weismann say.s, an adaptation for the 
good of the species which came about through Natural Selection. 

It seems more natural to assume that the duration of life de- 
pends upon the amount of reserve nutriment which the insects 
acquire at an earlier stage, the activity of the insects, and the 
climatic conditions. The climatic conditions seem to influence 
the insects’ activity; the activity effects the expenditure of reserve 
nutriment, and this expenditure controls the length of life, for 
the nutrition of the imago depends wholly upon this reserve. 
In short, it seems that the length of life depends to a degree upon 
physiological processes. 

In 1911 data were gathered on the completeness of oviposit ion 
and the lapse of time between last egg-laying and death in C. 
promethea,'^^ and the same facts were found to 'hold for this spe- 
cies as for S. cecropia. In Promethea it was not definitely ascer- 
tained whether or not they are monogamous. 

THE RELATION OF LONGEVITY TO THE REPRODUCTIVE FUNCTION 

Weismann says: better arrangement for the maintenance 

of the species .... can be imagined than that supplied 
by diminishing the duration of life and simultaneously increasing 
the rapidity of reproduction.” If this were true of the Cecropia 
moth we should find this monogamous species living only long 
enough to carry on the function of reproduction, i.e., males dying 
soon after mating and the females living long enough completely 
to oviposit. This we by no means find. Table 1 shows that the 
males live about as long as the females, even though they are of 
no further use to the species. We have shown that among the 

Details are in course of preparation for publication. 
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females some lived a considerable time after all eggs were depos- 
i^d, others died retaining many eggs although they had ample 
time to completely ovipositj and still others died in the midst of 
ovipositing. In 1910 it was found that there was absolutely no 
n'lation Ixjtween completeness of oviposition and (1) long life, 
(2) the longer or shorter time spent in copulo, or (3) the age of 
the insects at mating. The mated females, however, oviposited 
mor(^ completely than the unmated ones, although they had less 
lime to devote to it owing to the long time spent in mating. 

In considering whether or not the length of life is an adapta- 
tion for tlu^ gof>d of the species, the completeness of oviposition 
seems to be a factor worthy of attention. The discoveries in the 
Halation of long life to completeness of oviposition, as well as the 
long, useless life of the males, do not seem to substantiate this 
theory. 

CONCU.USION 

When the facts gleaned from these observations are compared 
with tlu? various theories which have been advanced to account 
for tin' duration of life, one becomes conscious of the fact that 
much direct work* must be done before any broad generalizations 
can be applied. Very little is accurately known of the normal 
ages of the different members of the animal and vegetable king- 
doms, and still less on the relation of longevity to reproduction — 
why it is that one organism lives for a certain period while another, 
which may mature in the same length of time, or may attain the 
same size, or live in the same environment, attains an entirely 
dilTerent age. 

Weismaim, as we have already stated, thinks thnt the dura- 
tion of life is regulated solely by the needs of the species, and that 
this came about through natural selection. Eimer hints about 
tlie inln'i'itance of acquired characters. Morgan seems to think 
that the problem of the duration of life is one for physiological 
investigation, but goes on cautiously to mention the mutation 
theory. Thus it continues, each man finding in the duration of 
life a conformity to his own already formulated theories. Whether 
it is a subject to be considered in any theory of evolution 
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will be known only after much work lias been done upon tlie 
mlation of longevity to the function of reproduction in a val^t 
\aricty of species. 

Our work leads us to believe that there are still factors unknown 
which influence the duration of life. One of the.'^e, tlie influence 
of climatic conditions upon the length of life in the Cecropia 
moth, we have been fortunate to discover. If it wow only adi’erse 
conditions curtailing life, no great significance could ho attached 
to it, but when favorable, though abuonnal, conditions were dis- 
covered and supplied, life and activity continued far beyond what 
was thought to be possible. This has hitherto not Ikhmi considered 
in any of the theories, and the experimental work licre record(Hl 
shows this factor to be of importance. There ar(‘ no doubt many 
other influences 'awaiting discovery, which will have to lie con- 
sidered before we dare philosophize upon tlie sulijeet. 

It would be well to suggest some of the phenomena yot to be 
investigated upon a wide variety of material b(‘fore a theory can 
bo firmly established to account for the duration of life. 

1. The difference in the duration of life of tin' sexes. 

2. The duration of life of mated and immated individuals of 
both sexes. 

3. The proportionate numbers of the sexes. 

4. The maturing of one sex before the other. 

5. Alonoganiy or polygamy. 

0. The relation of longevity of the female to the welfare of 
the young. In some forms where the parents do not care, for 
the young, is the duration of life sufficient for bringing forth all 
the young (e.g., complete oviposition or seed-bearing), and iii 
those which care for tlie offspring, is the length of life adcipiate 
for the neces.sary care of the young (e.g., food and flying in birds)? 

7. Number of potential oVa that tlie organism may possess 
wlien overtaken by death. 

3. Does old age cause the inability of the individual to bring 
forth the young, although sexually capable? (e.g., lapse of time 
after incomplete oviposition in the Cecropia). 

9. What proportion of the eggs depo.sited by a mated female 
are fertile? 
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10. In animals (similar to those considered in this paper)^ 
in which the female is fertilized once for all, is there any relation 
between time spent in copulo and the fertility of the eggs; i.e., 
does a long period of copulation insure the fertility of all the eggs? 

11. Is copulation itself correlated with longer or shorter life? 

12. The effects of cHraate. 

13. Food conditions of the adult; its effect upon the present 
and the subsequent generations. 

14. Nutrition and environment in developmental stages. 

These ideas, which make no claim of completeness, were gleaned 

principally from work with these insects, hence many are inade- 
quate or cannot apply to other forms. It is true that many organ- 
isms will not permit of such investigation, and that confinement 
in some cases will cause marked changes. It may be years before 
sufficient and conclusive data can be had for the solution of the 
problem, but the vital importance of the phenomena of longevity 
in relation to the interests of the human race, as well as biologically, 
should at once arouse investigators to the accumulation of such 
data, even though it be only as by-products to their chosen line of 
work. 


St. Louis, Mo., October 30, 1911. 
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1. (;exkraj. introduction 

Allhoujrh hay infusions have been one of the chief means of 
providing: orj^anisins for niicroscopists from the early days of 
Leeuwenhoek, there are comparatively few published data which 
have b(H'n secured thrcnif^h a careful study of the origin, relative 
number, and sefjiience of the various organisms which abound in 
them. It is a well known fact that a hay infusion presents a 
kaleidoscopic series of phenomena from its inception until it 
finally reaches a stage of sterility, or, in the presence of sunlight, 
of practically stable cfiuilihriumin which animals and green plants 
become so adjusted that a veritable microcosm exists; and it is 
also gcaierally accepted, largely on the basis of casual observation 
of infusions made up for one purpose or another, that the organ- 
isms a})i)ear and disappear in quite a regular sequence. 

It se('nied desirable, accordingly, to attempt to study the fauna 
and flora of representative infusions by some comparatively exact 
methods. The first intention was to make a comprehensive tabu- 
lation of the entire animal and plant life of the infusions studied, 
including bacterial counts, as well as to follow the chemical and 
f)hysicul changes in the medium. This proved to be impossible 
without the aid of more assistance than was available.^ Conse- 
qiumtly the study was chiefly confined to a careful observation of 
the Protozoa Avhich api^cared, and especially to certain charae- 
tci'ist ic forms which were present in large numbers in practically 
all the infusions studied. 

This general |)roblem has been considered by Peters, ^ but more 
data were needed for ]R)ints of attack on the biological effects of 
one type of oiganism on another, and this survey of the protozoan 

* ( ’('rtain ('herniral aiialvsics, rhicllv in rnj^ard to the acidity of the infusions, were 
made- by Dr. ^[. S. Finr, and his results are published independently in the follow- 
ing paper, in this journal, entitled: Uheinical Properties of Hay Infusions with 
Spc('ial Reference to tlio Titratablo Acidity and its Relation to the Protozoan 
SecpK'iiee. 

• jHetabolisin and division in Protozoa. Proe. Amer. Acad. Arts, and Sci., vol. 
;it), no. 20, 1004. (;henii<‘al studies on the cell and its medium. 1. Methods for 
the study of liquid culture media, .\iiier. Journ. Physiol, vol. 17, no. 5, lt)07; 
II. Some ehemico-biological relations in liquid culture media. Amer. Jour. 
Physiol, vol 18, no. 3, P)07. 
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of hay infusions is preliminary to further studies on the 
iiaeractions of particular species on each other. 


II. ORIGIN OF THE PROTOZOAN FAUNA OF HAY INFUSION’S 


The point first considered was the source or sources from whi(‘h 
liu' protozoa which appear in infusions of hay are dei'ived. This 
general problem has, of course, been treated at length i?i th(‘ long 
vcries of experiments on spontaneous generation which oc(‘U])ied 
the attention of biologists for several centuries. The present 
exijeriments were planned to determine the best method of making 
up infusions for the purpose of the study of their biological cychy 
ainl incidentally to show the relative importance of air, Avater and 
hay. and whether some forms appear in infusions chiefly through 
()?ic of these channels and others through another. 

Hay is generally considered the chief source of tlie protozoan 
lih* of infusions. Kent^ in 1879 studied the question 

from whence (are) derived all tlieso inyri:id organisms freciumitly i)r()- 
ihiivd in .such abundance as to literally jostle each otlua- for room in 
every drop of water extracted for c.xamination:^ .... hay from. 
ilitTen'iit localities Asas placed in maceration and ('xamined eoiitinuoiisiv 
from its first contact with tlie fluid medium, from ixaiods varying iii 
duration from a few days only to several Awrks. The Avatcu- added to 
the hay Avas of the purest possible deseri])tiom and Avas fiaapuail ly hoilod 
lor some time to prcAmnt the introduction of (‘xt raucous germs. 1 u all 
uKianees, the results obtained Avere Ijroadlv and fundameutallv tiu^same 
mid differed only Avith respi'ct to tlie specific types found living together 
in tlie .separate infu.sions. Eauui liere, hoAvcAua-, the giaieral dominam-e 
<'l n\i) or more .special forms AA'as notably a])parent. 


Kent Avas satisfied, then, that the organisms Avere derived from 
the hay, and microscopical examination of the mode of distril>u- 
tion of the cysts upon the lowerrno.st blades, colored broAvn or 
yellow from incipient decay, led him to conclude that ‘^all the 
^"^''ential conditions of their life cycle had been passed in (dose 
<*onnection Avith it.” He put this conclusion to a practical test 
h\ gathering grass saturated Avith deAv during a heavy fog and 
^■tudying it Muthout the addition of any Avater. 


“ A manual of the infusoria, London, ISSO. ])p. i;3.>141. 
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III t!V<‘ry drop of \vutf*r oxan lined, squeezed from the grass or obtained 
i)y its sirnf>l(i at>pli('ation to the glass slide, animalcules in their most 
active condition were found to be literally swarming .... Their 
|jnrj)t)sf‘ in life, as in the (!a.se of the animalcules inhabiting artificial 
infusions, is to break dcnsii and convert into new protoplasmic matter 
ilus (jtluTwise wastes product .... To maintain the balance here, 
however, and t(j check the too rapid increase of the various herbivorous 
monads, w(“ find other types . . i . developed side by side with 
and feesling in turn upon the plant-eating species. 

Following Kent's method, I have examined grass from the cam- 
pus wet wit}) d(‘w and light rain, and have obtained substantially 
the same lusults. Active forms of various flagellates, chiefly 
monads, and ciliates such as Colpoda, Chilodon, etc., were ob- 
serve^d swimming in the moisture on the blades of grass. I have 
not found thorn in such great abundance as described by Kent, 
but still in sufficient numbers to make an interesting demonstra- 
tion. Goodey, also, in his recent study of the Protozoa of the 
soil found a number of active forms among the surface vegeta- 
tion.** 


A. EXPERIMENTS 

Twenty-four hay infusions were made up, and kept in a well 
lighted room in the laboratory, at room temperature. Twelve 
contained hay cut near the laboratory, and twelve practically 
pure timothy hay from a farm near New Haven. These two sorts 
of hay were designated, for convenience, Y and T respectively. 
Pkich infusion consisted of about 5 grams of hay in 1 liter of tap 
water, and was contained in a flask with a capacity of 1500 cc. 
These infusions were divided into four groups of from four to eight 
infusions, and in each of these four groups, half of the flasks con- 
tained Y, and half T hay. The four groups of infusions were desig- 
nated by the letters, .4, IF, H and WH respectively. 

A Infusions. In this group of eight infusions the hay was put 
into the various flasks and then subjected to seven pounds pres- 
sure of steam for one hour in an autoclave. The water was like- 
wise subjected to the same conditions and when it had again 

■*A cuntribution to our knowlodgo of the Protozoa of the soil. Proc. Royal 
Society, Series P, vol. 84, 1911. 
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jpached the room temperature it was added to the sterile hay 
i:i the flasks. Four of these infusions were left exposed to the 
air, and four were plugged with cotton, sterilized dry at a temper- 
ature of 180° C. for one hour. 

11 Infusions, The hay in these six infusions was sterilized 
exactly as in the case of the A series, but the water was not ster- 
ilized. All the flasks were plugged with sterile cotton. 

H Infusions. The water used in this series of six infusions was 
sterilized as in the case of the A series, and to this water was 
added fresh hay. Sterile cotton plugs were inserted in each 
flask, 

\\ H Infusions. These infusions, four in number, were made by 
simply adding fresh hay to ordinary tap water. The tops of the 
flasks were covered with inverted beakers. 

The tw.enty- three infusions may be tabulated as follows: 

A Seriefi—to determine the organisms derived from tlie utinosphero. 

Atl, At^, Ayl, Ay2 ~ sterilized hay and water. Exposed to the air. 

AtS = control; sterilized hay and water. Not e.v: posed to the air. but plugged 
with cotton. 

At4, Ay4 = control; sterilized hay and water. Inoculated with pure cultures 
of Paramaecium aurclia and caudatum, and also with Oikomonas. 1 'lugged. 
HESeracs— to determine the organisms derived from tap water. 

IWf, Wl2, IVtS, Wyl, Wy2, Wy3 ~ sterilized hay and fresh water. All the 
flasks plugged with sterile cotton. 

H Series—to determine the organi.sms derived froin the hay. 

Htl, Ht2, HtS, Ilyl, Hy2, HyS = sterilized water and fresh hay. Flasks 
plugged. 

H7/ iSeries — control. 

WHii^ WHt2, WHyl, WUy2 = fresh water and fresh hay. Mouth of flask 
covered with inverted beaker. 

The experiments were started on July 29th. The infusions 
were examined at intervals of approximately one week during 
the following six weeks, and at irregular intervals thereafter until 
November 11th, when the remaining infusions were destroyed. 
It was planned to carry the observations for six weeks, but at the 
end of this time it seemed advisable to continue certain ones 
longer. 
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II. RESULTS 

A Serien. The .I series gives evidence as to the general influ- 
ence of the utffiosjihere as a source of protozoan life in labor- 
atory infusions. The mouth of the containing flasks measured 
1^- inches in diameter and thus ajforded ample exposure to the 
air without i'(mdoring rapid evaporation troublesome. The 
flasks stood during most of the time in a room in which hay was 
iteiiig used for various purposes, and consequently there was 
amtih' oiiportunity for the air to be contaminated with cysts, etc. 
Also, during the day time the windows at either end of the room 
uIIowihI a considerable current of air to pass over the flasks. Again, 
certain flasks were placed on a shelf outside of the window where 
1 law were exposed to the air of the campus. 

The results derived from this series are as follows: Ayt 
nauained free from protozoa from the start to October 31st, at 
whi(‘h time it was seeded with raramacciiim and OikomOnas. 
Two (lays later it showed a good growth of each of these forms, 
thus jiroving that it was a favorable fluid for protozoa. Ay2 was 
sterile in regard to protozoa until September 24th when a very 
few tiny amot'bac appeared, and remained until October 31st, 
when the culture was destroyed. All contained on August 26th 
a few small hyaline bodies which seemed to be cysts. A week 
later there appeared a few tiny amoebae, and on September 
24th a In'uvy growth of monads was observed which persisted to 
the divscontinuance of the infusion on October 31st. At2 remained 
sterile until September 24th when tiny amoebae appeared and 
continued to be present to the end. On October 31st the infusion 
was seeded with paramaeeia and these had greatly increased in 
number by No^amiber 2nd when the infusion was destroyed. 

which was kept plugged as a control, was first examined on 
S('i)tomher 2nd and was sterile. It was discontinued at this time. 
Tlio At/i and Ay.^ cultures were seeded at the beginning with 
lAiramaecium and Oikomonas and showed heavy growths from 
the start — thus proving that the media, from the inception of the 
expc'riments, offered favorable conditions for protozoan life. 
Thes(' two infusions were discontinued on November 2nd. 
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is believed that in this series of experiments exceptional 
,q)portunities were offered for infection of the culture medium by 
air borne cysts, etc.^ to occur, and the resulting protozoan fauna 
shows that the atmosphere is a negligible factor in the seeding of 
hay infusions used for laboratory study. 

ir series. The data from the W group of infusions show the 
protozoan life which was introduced with the laboratory tap 
water. Wyl showed from the start heavy growths of Chilo- 
nionas, Oikomonas, and C'hilodon, and these persisted in varying 
numbers until November 9th. At this time the culture was 
seeded with paramaecia and two days later there was a con- 
siderable increase in their number. The culture wms discontinued 
at this time. In the Wy2 infusion there appeared several species 
of monads, including Oikomonas and Bodo. iV rotifer (Rotifer 
vulgaris) was obser\'ed on August 12th and increased in numbers 
until there were about 2000 per cc. at the top of the infusion, when 
the culture was discontinued on November 1 1 th. The culture was 
seeded toward the end with paramaecia which multiplied rapidly. 
Wtl and 11^^^ developed numerous species of monads and also 
considerable growths of a tiny amoeba. Wtl had as man}" as 
oOOO per cc. when it was lost by an accident on September 2nd. 
Wi2 on the same day had 20,000 amoebae per cc., and on Sep tern- 
her 24th these were succeeded by myriads of Amoeba radiosa. 
The culture was seeded with paramaecia ou November 9tb, and 
was destroyed on November 11th when it contained a good cul- 
ture of this animal. WyS and Wt3 remained plugged, as a con- 
trol, until November 9th and when Examined on this day they con- 
tained practically the same fauna as the other cultures of the W 
series as described above. .1 point worthy of special note, how- 
ever, is that showed, in addition to many tiny amoebae, 
about twenty-five Amoeba proteiis per cc. of the fluid at the top 
of the culture. It is interesting that in certain cultures heavy 
growths of tiny amoebae appeared; that in one culture these gave 
place to radiosa forms; and in a third, Amoeba protons appeared. 
This suggests the possibility that Amoeba proteus was introduced 
in tlie form of extremely minute spores which became apparent as 
tiny amoebae, later became amoebae of the radiosa type, and in 
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one culture, developed as far as the typical proteus form^cf, 
p. 255). 

OIn'iously tap water will vary from time to time throughout 
the year, and no (unphasis is placed on the completeness of the 
exp(‘ri)tuMit in respect to the species which can be introduced 
through this channel. However, the work is extensive enough 
to cl(‘arly sliow that an insufficient number of species ojf ProtoEou 
is introduced with ordinary tap water to make this a practical 
method for seeding infusions for study. 

II Series. The organisms which appeared in these cultures 
must have been encysted on the dry hay with which the infusions 
were made, and therefore they represent at least some of the 
forms which one may secure in the laboratory through this source. 
Ifyt, ny2^ and Ht2 showed a closely similar series of forms, 
iinduding all those which have been noted in the previously des- 
cribed cultures except Ohilomonas and typical Amoeba proteus, 
and in addition several species of Colpidium, Colpoda, Oxytricha, 
ami other hypotrichous forms, Glaucoma, Holophrya,Spathidium, 
Bursa ria, etc. All of these infusions were seeded with Paramae- 
cium on November 9th, and when discontinued there was a heavy 
growth of this organism in each, thus proving that a favorable 
medium was present for Paramaecium. IlyS and HtS, served as 
a control, and were not examined until the end of the experiments 
when they contained essentially the same forms as the other 
members of the H series. 

117/ Series. This group of infusions, consisting of fresh hay 
and water partially exposed to the atmosphere, was carried as a 
control for the above experiments. The protozoan fauna which 
de\’elopcd was somewhat more meager than that developed by the 
H series. The explanation of this fact is not at once apparent 
since the hay and the water employed came from the same source 
as that usetl in making the other infusions. It was evident that 
the cycle of the infusions of this series developed more rapidly 
than those of the other series, and a possible explanation is that 
the bacteria introduced with the water so augmented the initial 
processes of decay with their attendant phenomena that a medium 
less favorable for large growths of various protozoan forms was 
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produced. These data, though too meager to be conclusive, 
suggest that sterile water added to fresh hay may prove to be a 
better medium for the development of the protozoa eJioysted on 
the hay. 

C. CONCLUSIONS 

Viewed in their entirety, these twenty-three infusions indicate 
that: (1) Ordinary hay added to tap water usually will not 
produce an infusion which is productive of a sufficient number of 
representative forms to make it profitable for a study of jiroto- 
zoan sequence. (2) Air, winter, and hay are all source.s from 
which the Protozoa are derived, and increase in importance in 
the order given. Of these three, however, air is practically a 
negligible factor in seeding infusions. 

HI. liELATlVE NUMBEH AND SEQUEN C1-: OE IIK eRESlEX^JWTlV E PRO- 
TOZOAN FORMS IN HAY IXEUSIONS 

A somewhat regular sequence of organisms in infusions of one 
kind or another attracted the attention of the earh' devotees of 
the simple microscope, as is shown, for example, by the following 
paragraph from a letter written in September, 1702, by an anony- 
mous person who was led by the writiiigs of J.eeuwenhoek to 
make such studies: 

In my observations of the Anmalcula in Waters I have seen many of 
tlie same species in the several infusions, and (^ven in Waters that lijive 
been exposed (especially at this time of the year) any time without any 
particular mixture, such as you find in the hollow of a Cal>bag('~l(aif, or 
on the Dipsacus, etc., and I am confidemt that many of these are th(? 
same Creatures under different dresses. For I have noted such tx regular 
process in them, and such a constant onler of their appearance, that I 
am of opinion most of them are the product of the Spawn of some invis- 
ible Volatile Parents^ .... 

Nearly a century and a half later Dujardin, from hi.s experience 
with infusions, wrote: 

^Philosophical transactions, Royal Society, London, vol. 23, 284, 1703, p. 1366. 
This communication is acoompanind by the first published figure of Paraniaecium. 
From the description in the text, however, it is evident that the iiutlior at times 
confused Paramaecium and certain hypotrichous forms. The.se same figures are 
reproduced by Baker, in his treatises on the microscope. 


THK journal of experimental zoology, VOL. 12, NO. 2 
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Dopiiis r instant de sa preparation, une infasioii change incessamnient, 
et plus oil inoins vite, suivant la temperature; elle montre seulement 
(i'aijord le Uacteriurn termo, puis quelqu’autrc Bacterium et le Vibrion 
lineoli*, puis d(^s Monades, des Amibes et quelques autres Vibrionsou 
S[)iriilum; un prai plus tard, les Encheiys et les Trichodes commencent 
k s’y montrer avee <li‘s Kolpodf's (pii, grossissant rapidement, se montrent 
(‘oufonius uu type noiniiie Kolpoda cucullus; enfin, viennent les Trach- 
elius, les Loxodes^ les (Jtxa-udiaa ou Plo(‘scciiua, les Param^cies, les 
K^'toim’s, I(s Glaueoiiu's et les Vortieeiles, soit tous ensemble, suit 
s^parement; niais toiijours H jieu i>r^s des inSmes animalcules, de ceux 
que Joblot nomrnait dbme maniere tres-significativc les Comemuses, les 
petiles Huit rc's, les ( 'hiuissons, que Gleichen appelait les gros et pctits 
0 vales, l('s Pend{^locpi{!s (^t les animalcules pantoufles. Le noinbre en 
esl ass(‘z n'streiiit, (^t c’est a peine si les quinze genres que nous venous 
de cit(>r fournissruit ('n tout quarante ou cixiquante especes. Si les infu- 
sions sont (!nnserv(M^s ]i(*ndant longt emps, el les changent tout a faitde 
nature; pourvu (pie le U(piide soit en quantit(3 suffisante, la substance 
mis(' a infusi^r devituit un sol sur lequel peuvent so developper des vegeta- 
tions, ainsi (pu^ sur la iiaroi du vase; si la luiniere est assez intense, on 
obs('rv(' menu* d(‘s vx'getations vertes; alors, avec d’autres Infusoires on 
pout n'licontHT dans les Ikiuich's des Systolides st des Diatomees.® 

It is ol)\'i()Us, however, from the preliminary experiments out- 
lined in this pajier in regard to the origin of protozoan fauna of 
hay infusions, that the Protozoa which appear, when laboratory 
water is added to ordinary hay, are insufficient in variety to ren- 
der thei)- study profitable from the standpoint of the sequence of 
forms, because, to ({(derniine a sequence (d’ any general interest, 
it is necessary that a larg(i number of species be present initially 
so that the dominating forms may be selected for particular study. 
It would cIoLudy be easier to work out the sequence of forms en- 
cysted on the hay, but by doing this a sequence would be obtained 
which would rejii-esent merely that of a special group of forms .and 
this would obviously vary more or less with each lot of hay. 
Again, since i)aramaecia cannot be secured from dried grass, this 
form would not appear in the series. 

It was necc'ssary then to employ other means of making up and 
s(MHling the infusions, so that there would be no doubt but that 
all th(' moi'o common protozoan forms were present at the begin- 
ning. It was also r.eeessarv to start as nianv infusions as could 
be carefully studied simultaneously, in order to have the record 

“Uiistoiro naturoHo Zoophytes. Infusoiret!. Paris, 1841 , pp, 173 - 174 . 
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sufficiently comprehensive to rule out as far as possible individual 
variations and give final results of some general applicability; 
for, as Dujardin quaintly expressed his own experience with 
infusions:^ 

Rien de plus simple tpie de preparer dcs infusions et d’y voir so pro- 
duire les Infusoires; inais rien de plus difficile quo (robtenir des result at s 
semblables de deux infusions pr^parees on aiq)arence dans les memos 
conditions: c’est qu'en effet les circonstanees no peuvent jamais tdre 
exactement. semblables. En supposant iiue la dose des ingrfatients et 
la qualite de cos ingredients soient les memes, la. temi^eralure, l’(5tat 
hygrom^trique et I’etat eleetrique, ainsi que reclairage, et Tagitatiou ou 
le renou vehement de Fair, n'auront pas pu etre les memes ou varier de 
la meine maniere dans les deux cas. Or, toutos les (‘auses I'xercent sur 
le developpemeiit des Infusoires une iufluence (pii, pour n’etro ])as scien- 
tifiquement dcHermince, n’en est pas moins bien reelle et souvent bien 
considerable. 

A. EXPERIMENTS 

Twenty-six infusions were made up with nearly pure timothy 
hay and laboratory tap water. In every case 20 grams of hay and 
0 liters of water were put into a glass battery jar with a cai)acity 
of about 51 liters. Each was loosely covered with a plate of 
glass to prevent undue evaporation and the entrance of dust. 
The jars were situated in a small room with windows on three sides 
so that all the infusions received practically the same illumina- 
tion. The temperature was recorded with a maximum and mini- 
mum thermometer. With this as the general plan, three methods 
of procedure were followed, giving three types of infusions de.^ig- 
nated respectively, A, B and C. 

A Infusions. In this series the hay was boiled for five miniiics 
in approximately 250 cc, of water and then sufficient tap water 
was added to make 5 liters. This infusion was then Fseeded’ 
with 5 cc. of material from laboratory infusions and aquaria rich 
in animal and plant life. The bseed’ used in this series and in 
the following B series was thoroughly mixed in a flask before being 
added, so that each was seeded as nearly the same as possible. 

B Infusions. These were made up exactly the same as the A 
series, except that the liay was remo\'ed from the infusion by 

’Loc. cit., pp. 170-171. 
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stniiriing it through cheese cloth. This eliminated all but an 
insignificant number of the smallest fragments, 

(I /??/?/.sujn.s. make up tins set, 20 grams of hay was put 
into five liters of tap wal(!r. It was neither boiled nor strained. 
A few drops of 'seed' was added, thus insuring the presence of all 
the chief forms seeded into the A and B infusions. 

Tln^ twenty-six infusioiis were made up at intervals and were 
designated as follows: 

.April IsC A-], A.2, A-U A-{, A-l, A4i, B-I, B-2, (M, C-2, and C-3. 

April VAWi: A-21, A-22, B-21, :md B-22. 

April 2 01.: ASU, A-:i2, BSU, B-S2, and C-31. 

Mny \sl: A-ll, A- 12, B-U, B-12, C-U, and C-i2. 

Ihieh of I lie infusions existing during April was studied daily 
from its ince])1ion to May 1st. After this date the observations 
were made for a vhile at forty-eight hour intervals, and then at 
somewhat longer intervals depending on the rapidity of change 
in Iho respective culture.s. The last regular count was made on 
Juiu' 20th, loot), but since that time up to the present (Oct., 1911) 
the infusions have been kept under general observation. . 

The methods of study consisted of an examination of samples 
of the liquid taken from the top, middle and bottom of the jars, 
and the (MiuiiH'ration of the different Protozoa, Rotifera, Algae, 
etc., which were i)rescnt. The liquid was removed from the 
jar for study with a -5 ce. pipet. The 'surface' medium studied 
was taken from three points in the jar just under the surface film; 
one at the side nearest to the chief source of light, another at the 
side tarthest from the chief source of light, and the third 
directly at the cent re of the surface of the infusion. The hniddle' 
medium was taken from this portion of the infusion by inserting 
the point of the pipet quickly to the region, while the other end 
of the pipet was closed Avith the fingei’. Tlie 'bottom' medium 
Avas taken in a similar manner. In 'middle' and 'bottom' counts 
care was exercised to luoA'c the tip of the pipet through the re- 
spective regions in order to got a representative sample. Only one 
pipetful Avas taken in each of these counts because of the possi- 
bility that a feAv organisms might get into the pipet when it w^as 
passing through the upper i)ortion of the fiuid on its doAvnward 
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course, and such error as existed from this would only be augmen- 
ted by passing the pipet more than once through this region. 
Various methods were tried to avoid this error entirely. For 
example, when the study of a sample suggested that possibly some 
of the organisms observed might have entered from the surface 
fluid, another sample was taken with a pipet in the tip of which a 
cork was inserted. W hen the pipet in this condition had reached 
the point from which the sample was desired, a wire was inserted 
through the pipet and the cork pushed out. The pipet, of course, 
immediately filled with water up to the level of the surrounding 
infusion and the cork itself rose to the surface. In the great 
majority of cases it was found that samples taken by this latter 
method simply corroborated those taken by the more expeditious 
means, and consequently it is believed that tlie data secured with 
the method generally used in the work possesses an error whicli is 
negligible. 

After a sample of the infusion had been removed it was imme- 
diately put into a watch glass and stirred, and tlnm 1 cc. was 
taken with a pipet and put into a Sedgwick-Rafter counting coll. 
As is well known, this consists of a glass slide upon which is ce- 
mented a metal rectangle. The dimensions of the space enclosed 
by the rectangle is 50 x 20 mm,, and, as the indtal is 1 mm, thick, 
when the rectangle supports a large cover glass it forms a cell 
which has a capacity of exactly 1 ce. The sample to be examined, 
then, was spread out on the slide to a dejith of 1 mm., and pre- 
sented to view a total of 1000 cubic mm. The contents of this 
cell was then at once examined under a mi(Toseope which was 
provided with an ocular micrometer so ruled that, with lenses and 
tube length properly adjusted, a sc^uare of the micrometer just 
covered 1 sq. mm. of the field, and by focussing through the depth 
of the liquid enclosed by the square, a volume of the sample equal 
to 1 cu. mm. was under observation. By counting the organisms 
which were included, during a unit of time, in the 1 cu. mm. under 
observation, and multiplying this by 1000, the number of organ- 
isms in the cell could be ascertained.'^ Usually ten such counts, 

** For a detailed description of the apparatus, ef. Whipple: 'Fhc microscopy of 
drinking water, 2d ed. 1910. 
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eafh of about one minute duration, were made for each sample 
ami tlieir av(‘ra^^(‘ taken. This was the general method of observa- 
tion employed, Imf in samples in which only a few comparatively 
large forms were present the number of each species was counted 
diiectiy under a dissecting lens. Again, in cases in which myriads 
of the tinu'st acfive monads wen^ present it was impossible to 
count them satisfactorily and accordingly it was necessary to esti- 
/nat(* the numlier present on the basis of the experience gained 
by th(' use of llui exact counting system. In addition to the ob- 
servations made with the compound microscope, in nearly every 
case the sumi)l(‘ was also examined with a lens magnifying about 
ton (litunelers, in order that a comprehensive view of the slide 
could be securtMi which would serve to indicate the general dis- 
tribution of the organisms on the slide, and act as a check on the 
more exact obs(‘r vat ions. 

Accordingly, while the enumeration of the organisms varied as 
exigencies (l(Mnanded, all the counts were made by one person and 
conse(iu(mt!y the personal equation of the observer, which must 
influence to souk^ extent the data collected from such a scries of 
observations, remained the same. It is believed that the data 
sc(‘ured are sufficiently comprehensive to give accurately the 
relative number ahd to show approximately the actual number of 
the various organisms present. It is obvious, of course, that the 
method emiiloyed does not give data which show the presence 
in the infusions of one or a dozen organisms. Therefore the terms 
employed, 'time of appearance^ and ‘time of disappearance,’ 
indicate sinq>ly the presence or absence of a sufficient number of 
animals to be detected by the method. More than this, I believe, 
could not bo secured without the expenditure of more labor than 
one individual could devote to it daily for a period of three months. 

Obviously tlie into of development of an infusion will depend 
upon the t(auperature to which it is subjected, and, within limits, 
the higher the temperature the more rapidly the sequence of 
forms will proceed.-' The ideal way, therefore, to conduct such 
a series of experiments as these under consideration would be to 

’Woodruff ;in(l B:ut.soll; The tempo lat me coeffieient of the mte of reproduc- 
lion of Paramiiofiiim aurelia, Am. Jour, Phy.siol., vol. 29, no. 2, 191 j. 
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maintain a constant temperature throughout the work. This 
was impracticable when the observations were made and consider- 
able fluctuations in temperature occurred. However, all tlie in- 
fusions of the same set were subjected to the same temperature ami 
consequently the relative time of appearance of the different forms 
ill these is directly comparable. As the work p]‘op;ressed, from 
April to June, the average temperature of the room increased 
(cf. table 1), and consequently the infusions made later tlian April 
1st, were subjected from the start to higher temperatures than 
the former. Thus it is impossible to compare accurately tlie con- 
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(litioii of, for (‘xauiplo, the A I cultures at the end of the first fifteen 
days, with the A III cultures at the end of the same length of 
time without taking the temperature into account. However, 
it is fair to compare the n^lative time of appearance of the various 
organisms in A I and the relative time of appearance of the var- 
ious organisms in A III; but even here an error is undoubtedly 
pr(*sent, though, it is believed, it is not sufficiently marked to 
appreciably influence the general results though minor variations 
whicii occurred in jjarticular infusions may well be due to it. 
This error arises from the fact that the different species of organ- 
isms in tiic infusions undoubtedly have their own optimum tem- 
perature for (h‘V(‘lopmeni and consequently it may be supposed 
that a particular form, which has a comparatively high optimum 
t(‘mpei:iturc, may reach its maximum later than another with 
a slightly lower optimum temperature, in the cultures existing 
during the early part of April when the general average tem- 
p(u-ature was lower, while it may attain its maximum earlier than 
tlie latter in the cultures which reached a corresponding stage of 
their devclo])m('nt when the temperature was generally higher. 

As already stated, the first intention was to follow the entire 
fauna aiul flora which developed in the infusions, but this involved 
more labor than could be performed accurately by one observer. 
( onscquently although a record was kept of all the animals and 
])hints which actually were observed, these data will not be pre- 
s{m((Ml [)ccause I am not satisfied that they are sufficiently accur- 
ate or comprehensive. One who has not attempted to follow in 
detail a series of cultures, started in the manner described, has 
not, I think, an adequate realization of the w^ealth of forms which 
will develo]). Some of the forms appear and disappear with such 
marvellous nipidity that if they are not immediately identified, 
in many cases it is impossible to do it later. Therefore, I repeat 
that tlu' description w^hich follows simply affords the data col- 
lected in regard to certain w^ell-known genera and groups of Pro- 
tozoa, which appeared in sufficient numbers, in a large majority 
of the infusiotis, to render their study of value in attempting to 
reacli some general conclusions as to their sequence in such in- 
fusions under the conditions of the experiment. It is believed 
that the concentration of attention on these few forms is prefer- 
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able to a wider consideration of many transient species which 
appear apparently at random, for, if it is possible to reach any’ 
conclusions of value from the study of these few dominant forms, 
it may open the way for an explanation of the seemingly forluitous 
distribution of the remaining species. 

A tabulation of the fauna of the infusions showed that the first 
analysis of the results should consider the following groups and 
genera of Protozoa: Monads, Colpoda, Oxytiicha and various 
closely related hypotrirhous forms, Parainaeciuin, Vorticella, and 
Amoeba, because all these organisms were present in practically 
every infusion. The term ‘monads’ is used in a broad sense to 
include several different genera and a multitude of species of 
small flagellate Protozoa usually classified under the generic names 
Oikomonas, Monas, Bodo, etc. Colpoda cucullus is the most 
common member of the genus Colpoda which has a])pcared in the 
infusions. Occasionally the form of llie organism has not agreed 
exactly with the specific description usually given, and it may well 
be that some of these organisms properly rank as other species of 
the genus, but as this could be determined only by following out 
the life history of the animals, it was necessary to assign the forms 
merely to the genus. In a number of cases species of Colpidium 
was found intermixed with the Colpoda. Colpoda and ( 'olpidium 
are apparently adapted to practically identical conditions of the 
infusions and consequently it matters little which form is chosen 
for study. Since Colpoda has usually appeared in greater abun- 
dance than (Mlpidium, it has been selected, as the representative 
of this type of ciliate, for detailed study in this work. Among 
the hypotrichous ciliates which appeared, Oxytricha was jirob- 
ably the most common, but closely associated with this genus 
was Stylonychia, LTostyla, Castrostyla, etc., and therefore the 
various species of these genera were considered as a unit and are 
designated in this work as Tlypotrichida.’ iVlso several memlicrs 
of the Vorticellidae appeared, nearly all of the genus Vorticella. 
The term ‘Vorticella’ accordingly is used to include all true mem- 
bers of this genus regardless of species. The same is true of the 
term ‘Amoeba’ as here employed, this name being used to include 
such forms as Amoeba guttula, radiosa, etc., as well as typical 
Amoeba proteus. ‘ Paramaccium’ is applied to two species, 
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aurolia and (‘andatum, indiscriminately. It is apparent, then, 
'that no att(*nii)t has been made to identify the various species, 
as this would necessitate a lar^^e amount of labor entirely incom- 
mensurate with the value of the information gained for the prob- 
lem in hand. All of the forms included together are adapted to 
the sariK^ geruu'al environment dis the results which follow show), 
and th(n-(^fore it is logical to consider them together as a unit with- 
out regard to the taxonomic variations of the individual moieties 
of which it is composed. 

H. (;ENEm\L OBSERVATIONS ON THE COURSE OF DEVELOPMENT 
OF HAY INFUSIONS 

Jn infusions (/I) made with boiled hay, which is allowed to 
remain in tlu; jar, most of the hay sinks quickly to the bottom 
and remains there. In the cultures (C) made with unboiled hay 
most of the material floats near the surface for four or five days 
and tlum begins to sink gradually to the bottom. It is usually 
all at the bottom within two weeks. When the hay is allowed to 
remain in the infusion {A, C) this slowly disintegrates and is 
reduced to a more or less amorphous mass by the end of the sec- 
ond montli. The rapidity of these changes, however, varies con- 
siderably with the temperature to which the cultures are subjected. 

When hay and water are combined the liquid rapidly becomes 
straw colored, and within the first few days bubbles of gas- appear 
entangled amongst the hay at the bottom, and these rise by 
degroi^s to the surface. At comparatively high initial tempera- 
tures tlic gas will frequently disturb the hay and sometimes raise 
it to Wu) surface, Peters’ observations show that this gas is 
chiefly COs. Py the third or fourth day the color of the culture 
liquid a])pears darker and this becomes increasingly pronounced 
until finally the liquid is of a dark brownish color. One familiar 
with infusions can, of course, readily tell the approximate age of 
a culture by its color. Fine’s studies on these infusions show that 
the light and yellowish shades of color are due to relatively high 
acidity: the darker and brownish shades to relatively low acidity.^*’ 

“'Fine, Loe. cif. 
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When the infusions are first made up, the licpiid, thoiigfi eol- 
ornd, is transparent, but within forty-eight hours it beeonics 
markedly turbid due to the development of countless bacteria. 
The bacteria at this time are equally distributed (hroughoiit the 
medium but on the third day a ‘zoogloea’ begins to be established 
and gradually increases in amount until it finally falls to the bot- 
tom and another is formed. In some cases, however, the ‘zoo- 
gloea,’ after reaching its maximum thickness, at approximately 
the end of thirty days, gradually thins out and i)ractically dis- 
appears m sit7i. These variations in the transformation of the 
‘zoogloea’ introduce a complicating factor in the study of the 
protozoan life of infusions, because in the cases in which it falls 
to the bottom, it changes the center of population of certain 
types quite suddenly, and thus causes a redistribution of some 
forms. The bacteria, then, at first are equally distributed througli- 
oiit the fluid, then the largest number is at the bottom and tof), 
while in the center of tlie volume of liipiid there are comparatively 
fcAV. The hay and smaller amount of oxygen at the bottom, and 
the more abundant supply of oxygen at the top, offer .attractions 
for different forms with the result that apparently approximately 
the same number are to be found in each region. After the 
‘zoogloea' has fallen or disappeared the center of bacterial life 
is again at the bottom amongst the remnants of the disintegrating 
hay. 

As soon as the bacteria have become numerous, and their 
action on the hay has put a certain amount of it in a form a li- 
able for animal life, then occurs the great growth of Protozoa, 
coniprising saprophytic, herbivorous, carnivorous and omnivorous 
forms, and this phase of the life of the infusions wc shall consider 
in detail. 

After the period of greatest protozoan fauna has passed. rr)ti- 
fers become numerous, and as the diatoms, desmids, and filamon- 
lous cyanophyceae and chlorophyeeae flourish, under proper 
conditions of illumination, several species of Anguillula, copepods, 
etc,, are more or less abundant. This condition of the fauna and 
flora merges imperceptibly into what may be called a condition of 
nearly stable equilibrium, in which green plants and animals, under 
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Opt imum condit ions of li^ht and temperature, are so adjusted that 
for a (;onsidorabl(‘ period a practically self-supporting and self-suf. 
fici(mt microcosm exists - but with the balance of nature estalv 
lished luather the Protozoa nor bacteria can ever again attain their 
maxitnum abundance. 

C. THE A, li AXD C GROUPS OP INFUSIONS 

AH thrive typ(^s of infusions (A,B,C) w^hich were made up gave 
tlio same gimcral cycle of events, but the A and C seiies weie 
slightly slowia- in development (as one would expect from the 
presence of the hay) than the B series. The cycle of the C series 
was (essentially the same as that of the A series except- that it pro- 
gri'ssi'd somcwdiat more slowly until the hay became thoroughly 
soaked. A jiractical disadvantage of the C scries is presented by 
the fact that the unboiled hay, containing considerable air, has 
a timdency to float and so changes somewhat the distribution of 
the organisms imtil it sinks to the bottom at about the end of two 
weeks. This nuisance may be avoided by weighting the hay with 
glass. 8o far as length of cycle is concerned, however, both the 

and the C seiies offered equal advantages for study, but the 
cycle of the B series (without hay) being considerably shorter, 
tile sc(pience of the dilTereiit types of organisms was in()re rapid, 
the number of organisms present was much smaller, and stable 
equilibrium of the infusions was attained sooner (cf, figs, 5, 6, 7). 
However, since the richness of the animal life was seriously de- 
creasi'd, this series did not prove to be the best for study, and 
accordingly such a method of making up cultures is not reconi- 
mended for investigations of this character. Nevertheless, the 
results derived from all three types of cultures will be given here. 

The data from each of the tw^enty-six cultures have been re- 
corded (as already described), then these data from each culture 
of each set of experiments of the A, B, and C series, started at the 
same time, liavc been averaged together. Therefore, in discuss- 
ing these data, I shall refer (unless it is specifically noted to the 
coiilrary) to the average number of organisms, time of appearance, 
etc., in infusions comprising each group as follows; 
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A-1, A-2, A-3, A-4, A-o, A-6, averaged and designated A I 

A-21, A-22 averaged and designated .1/7 

A-31, A-32 averaged and designated A III 

A-41, A-42 averaged and designated A IV 

B-1, B-2 averaged and dcsignaled B I 

B-21, B-22 averaged and designated BU 

B-31, B-32 averaged and designated Bill 

B-41, B-42 averaged and designated B IV 

C-1, C-2, C-3 averaged and designated C I 

C“31 designated (’ III 

C-41, C-12 averaged and designated C 7V’ 

This method ‘of treating the data was decided upon because it 
gives, it is believed, the fairest picture of the ])rotoz()an sequence 
in the infusions. As a matter of fact the individual infusions of 
die respective groups presented comparati\’ely unimportant 
variations — except in certain cases which are mentioned. Three 
of the six infusions composing group A I were discontinued at the 
end of the first month because the variations between the iudb 
vidiial infusions was not sufficient to warrant the study of so 
many. For a record of the surface sequence of a single infusion, 
reference should be made to C III (fig. 10). Foi' the data of a 
single form (Paramaeciiim) at the bottom of two infusions com- 
prising a single group, see fig. 12. 

D. TIME OF APPEARANCE, MAXIMUM NUMBER AXJ) DISAPPEARANCE 

OF REPRESENTATIVE PROTOZOAN FORMS AT THE SURFACE OF 
THE INFUSIONS 

1. Monad 

A 7 group. Monads were the first animals to appear in con- 
siderable numbers and their maximum was attained on the 7th 
day when there Tverc about 5200 per cc. Their decline was equally 
rapid and by the 20th day of the life of the infusions none were 
observed in the samples studi(;d. 

A II group. These forms were the first to appear, reach their 
maximum of 2000 per cc. on the 4th day, and miminum on the 
Sth day. 
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A III group. Monads wore practically absent from the two 
cultures of this j;roup, and this is the only instance in which thev 
did not appear in numbers sufficient to be considered. There 
wens perhaps, 1(X) per cc. at several counts. This dearth is 
accounted for, I think, by an exceptionally heavy growth of Col- 
poda, which occurred in this group very early (cf. table 2 and 

A /r (p'oup. The monads appeared on the 2nd day, attained 
tiH‘ir maximum of 1000 per cc. on the 4th day and reached their 
minimum on the 0th day. 

li I group. These forms appeared on the 2nd -day, attained a 
maximum of 4200 per cc. on the 8th day, declined to 500 per cc. on 
th(‘ following day and then gradually became less and less until 
by th(^ 23nl day their number was negligible. On the 36th day, 
however, they reappeared, attained the number of about 2000 
per cc. on the 4()th day, and reached extinction on the 60th day. 

B U group. On the 4th day there were 1200 monads per cc., 
and on the 8th day they had entirely disappeared. 

B If / group. In this grouj) the monads attained a maximum 
of 5000 per cc. by the Olh day, and by the 12thday there were none 
remaining. 

B IV group. A maximum of 1400 per cc. was reached on the 
3fd (lay of the life of the cultures, and then a rapid decline resulted 
in extinction by the end of the first week. 

(' / (p'oup. In those three cultures the average maximum 
number of monads, nearly 8000 per cc., occurred’ on the 15th day, 
and was followed by a[i abrupt decline ending with their disap- 
l)earance on t he 20th day. The maximum of Colpoda occurred on 
the same day as that of the Monads. 

V III group. In this group, represonted by a single infusion 
(('-5/), the monads attained a maximum of over 8000 per cc. on 
f Stli day. declined rapidly to 2500 per cc. on the 13th day, and 
reached a minimum of practically zero on the 24th day. 

('IV group. Here the monads rose to the number of 5000 per 
cc. on the 17th day, declined to about 2500 per cc. on the 21st 
(lay. tiien rose to their maximum of 7600 on the 27th day, and by 
the 32nd day had reached a minimum. 
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!■ roni the study of the iiioruids in all the cultures it is clear that 
in ev<‘ry instari(‘(' they w(‘i’e the first type of protozoon to appear 
and the first to reach a iiiaxiniuiii. This is undoubtedly to be 
explained by tlu^ fact that these forms, combining holozoic and 
saprozoie methods of nutrition, are able to feed on the bacteria 
which an' d(iveIopiiig so rapidly at this period, and also to absorb 
various substanci^s entering into solution from the hay. The 
monads under consideration are also the first forms to decline 
and i)ractica]ly disappear, and this is probably due, in part, to 
th(‘ rai)id decreas(^ in numbers of the bacteria brought about by the 
monads themselves and by the rising generations of Colpoda. 

2. Colpoda 

A / (iroap. ( oh)()da was the seeond protozoon to appear in 
(‘onsiderable iiiinibers and its maximum was attained on the 14th 
(lay wIkmi tliere were about 2500 per ce. Its decline was equally 
ra])i(l and by the 25th day very few active individuals were seen. 
U(‘gi lining at about the ‘10th day, however, more were observed 
and on tlu^ !17th day there were about 000 per cc. This second 
rise in mmilaas was followed by a more gradual decline which 
eiKkai in th(' extimdion of this fonn by the OOth day of the life 
of llu'. infusions. 

.1 If (jroop. This fonn was the second to appear and very 
slowly attained its maximum of 1000 per cc., which took place on 
the 27th day, tlieu it fell in number to about 200 per cc., rose 
again to about 500 per cc. on the 44th day, and then became ex- 
tinct on tlu^ 40th day. 

*1 III (jroiij). » Colpoda was the second protozoon to appear in 
(‘onsiderahle numbers in these infusions, the cycle of the monads 
being appaiuntly aborted. Colpoda arose abruptly to the great 
number of 15,000 per cc. on the 10th day, fell to about 11,000 per 
cc. on the following day, and by the 15th day very few active 
forms wer(' ol>s<'rved. lloM-cvei*, almost immediately it had an- 
other i)eriod of reproductive activity which brought up the num- 
ber to about 4000 per cc. on the 29th day. After this second high 
point it deereas(‘d in number, but persisted until the 68rd day 
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of the infusion^s life. The grou^th of Colpoda in this group of 
infusions is remarkable for its abundance and persistence, for 
< luring the greater part of the life of the infusion, Colpoda was 
the form which dominated. 

A IV group. Colpoda w^as the second form to attain its niax- 
iiaum, which occurred on the 13th day with 2500 per cc, present, 
Tliis number persisted to the 17th day, and then a very quick 
decline ended in the extinction of the form four days later. 

B I group. Colpoda was the third to attain its maximum, being 
preceded by the monads and the hypotrichida. Its maximum 
occurred on the 14th day and this was followed by a slow decline 
resulting in the disappearance of Colpoda on the 30th da3^ 

R II group. Colpoda attained its maximum abundance on the 
tith day, then rapidly proceeded to its extinction on the 15t h day. 
The notably small development of Colpoda in this group of in- 
fusions is paralleled by that of all the other organisms in B II, 

B III group. In this group of infusions Colpoda rose rapidly 
to a maximum of 8000 per cc. on the 18th day, and then fell even 
more rapidly to extinction on the 29th day. In this scries of 
infusions (Jolpoda was again the dominant form, gjcatly outnum- 
bering the hypotrichida and paramaecia whose small maxima 
occurred before its own. 

B IV group. The appearance of Colpoda occurred relatively 
late, none being observed until the 6th day, and its maximum 
growth occurred on the 12th day, and its extinction on the Kith 
day. In this series it was the fourth form in point of time to 
reach its greatest abundance. 

C I group. In these three cultures the average maximum num- 
ber of Colpoda, 4500 per cc., occurred on the 15th day, after a 
rapid rise from the 7th day. Then there was an equally sudden 
decline to labout 40 per cc. by the 22nd day, and this number 
gradually decreased until it became negligible at the 46th day. 

C III group. Again in this culture the growth of Colpoda 
over-shadowed that of all the other forms. Appearing on the 4th 
day it gradually increased until a maximum of about 15000 per 
oc, was attained on the 33rd day. This was sustained for four 
tlays and then a remarkable decrease brought it down to about 


THE JOURNAI. of experimental ZOOLOOy, VOL, 12 , .VO. 2 





PROTOZOAN FAUNA OF HAY INFUSIONS 


231 


600 per cc. on the 43rd day, and 60 per cc. on the 40th day. 
Approximately this number persisted until the end of the ob- 
servations on the 76th day. 

C IV group. Colpoda developed in greater abundance in this 
group than in any other, attaining, comparatively gradually", a 
maximum of 25,000 per cc. on the 32nd daj^, falling to 15,000 on 
the 37th day, and to 100 per cc. by the 44th day, and practically 
reaching extinction by the 56th day. 

An analysis of the above data in regard to (\>lpoda shows that 
this form is adjusted to those surface conditions of infusions which 
exist when the monads have about run their course. 

3. Hypoirichida 

A I group. Representatives of the hypotrichida were the third 
to appear in considerable number and their maximum of about 
2400 per cc. was attained on the 51st day after a long gradual rise. 
Their decrease in number was somewhat more abrupt, resulting 
in their extinction by the 85th day of the life of the infusions. 

A II group. These forms were the second to apjoear and the 
third to reach a maximum growth. This was attained on the 
39th day after a long gradual increase. A rapid decline reduced 
them to about 40 per cc. on the 40th day, and they persisted 
in this number to the 74th day, Tliere was a slight increase in 
number on the 75th day, at which time the observations were dis- 
continued. 

A III group. A few hypotrichida appeared on the (hh day, 
gradually increased until there were about 400 per cc. on the 15th 
and IGth days, then declined to the 24th day. Their maximum 
of 700 per cc. was reached on the 29th day, after which they de- 
clined until, on the 43rd, they became extinct. 

A IV group. The maximum consisting of 1000 per cc. fol- 
lowed those of the monads and Colpoda and occurred on the 26th 
day, A continuous decline brought the number down to 100 per 
^'c. by the 43rd day; and this number persisted to the oOtli day, 
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after which there was a slif^ht increase up to the end of the obser- 
vatioijs on the 57th day. 

B f group. These fonns attained a maximum of 560 per cc. on 
the I Ith day, and Itien very {gradually declined until they became 
practically extinct on the ooth day. 

B II group. In this group the maximum of the hypotrichida 
was reached on the 1 1 th day, and extinction on the 29th day. 

B III group. The hypotrichida were practically negligible 
as the maximum nimiber which occurred on the 10th day was less 
than 40 per cc., and the animals disappeared completely by the 
15th day. 

B IV group. He‘r(? these forms reached their greatest abun- 
dance, 250 porcc., on the 7th day, declined to about 20 per cc, by 
the 11th day, gradually rose to 150 per cc. on the 26th day, and 
disappeared l)y the 35fh day. 

C I group. In these three cultures the average maximum of 
about 360 per cc. occurred on the 19th day, and was followed by 
a coniiniiou.s decline until the 49th day, when about 40 per cc. 
were seen. From this time on slight fluctuations in numbers oc- 
curred, and at the last observation on the 86th day, about 40 
per cc. were still to be seen. 

cm group. In tliis group, represented by a single infusion, 
these forms first appeared on the 20th day, reached their greatest 
abundance, 300 p(T cc,, on the 24th day, then declined to about 40 
per cc, on the 28th day, and persisted in approximately this 
number to the end of the observations. 

C / V group. Here the hypotrichous forms reached a maximum 
of 500 per cc, on the 32nd day, declined to about 40 per cc, on 
the 37th day, rose to 400 per cc. on the 44th day, declined again 
to about 20 per cc. on the 51st day, and remained at about this 
number to the last observation on the 5()th day. 

From the study of the hypotrichous ciiiates which appeared 
in all the cultures, it is clear that these forms are adjusted to 
conditions at the surface of the infusions which are present, in 
mo.st cases, after the monads luux" nearly disappeared and Colpoda 
has passed its period of greatest abundance. 
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/f, J^iramaecium 

A 1 ()roup. I’ararnaecium a[>pearod in considerable numbers 
about the 14th day and after various fluctuations in numbers 
reached a maximum of 1100 per cc. on the olst day. This was 
succe(‘ded by a g(‘noral decline in numbers to the 73rd day when 
only about 40 per cc. were present; but after this their number 
increased to about 700 per ce. on the 70th day and continued so to 
the end of the observations 0 [i the SOth day. 

A ll (jrouf). The data for the paramaecia of these two cul- 
tures will b(‘ considered later, because the presence of Didinium 
so altoi'ed the paramaecium cycle that it cannot be fairly com- 
pared with that in the other cultures. 

A II I (jTou'p. Paramaecium made its appearance here on the 
7th djiy and gradually increased to its greatest abun(;lance on the 
4Sth to oOth days, at which time about 3700 individuals per cc. 
were j)res(uit. After this the number rapidly fell to 300 per cc. 
on the f)4th day when the last count was made. 

A I V (p-()up. This organism appeared on the 4th day, attained 
the number of 2500 per cc. on the 31st day^ and this maximum con- 
tinued for fourteen days after which there was an abrupt decline 
to about 50 per cc. on the 57th day,wdien observations were sus- 
pended. 

B I group, Paramaecium appeared on the 10th day, attained 
a low maximum of less than 100 per cc. on the 20th day and then 
very gradutdly reached extinction by the 65th day. 

B II ijrowp. This form was present in small numbers prac- 
tically from the start (3rd day) and reached a small maximum of 
about 160 per ce. on the 7th day, from which time they gradually 
decreased until they becaime extinct on the 24th day. This cul- 
ture also was inOucnced by the activities of Didinium, and this 
will be discussed later. 

Bill group. Paramaecium appeared on the 11th day, reached 
its maximum on the 17th day when 160 per cc. were counted. 
From this time to tlie 65th day, when the last count was taken, 
it continued to persist in varying numbers under 100 per cc. , 
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B IV group. The cycle of Paramaeciiiin will not be considered 
at this time as it was so altered by Didiniiim that it is not at all 
comparable with that of the other cultures. 

C I group. Paraniaeciuni appeared on the 21st day, gradually 
multiplied until 600 per cc, were counted on the 40th day, then 
inci'eased rapidly to 2500 per cc. on the 45th day, fell to 1200 per 
cc. on the 48th day, and to 200 per cc. on the 61st day. Prom 
this time there was a gradual decline to the last count on the 86th 
day, when about 80 per cc. were present. 

C III group. In this group, comprising but a single infusion, 
paramaecia appeared on the 23rd day, increased to about 440 
per cc. on the following day and fell in number until only about 10 
per cc. were observed on the 34th day. From this point they 



I’ig. ^ A ly group. The ordinates indicate the number of organisms per cc. 
at the surface. On tlie abscissa is plotted the number of days of the existence of 

the infusions. Monad = Colpoda = ; Hypotrichidu = — • — J 

Paramaccium = ; Vorticella = - — ■ ; Amoeba = — • • — . 
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rose to a maxi mum of al)out 500 per cc. on the 37 th to the 42nd day 
after which there was a general decline to 200 per cc. at the last 
observation on the 04th clay. 

C I V group. This organism appeared on the 31st day, at- 
tained its great(‘st atmndance on the 44th day, with about 600 
per cc. present, and then declined to ‘20t) per cc. on the 65th day, 
when the final examination was made. 

The r(>su!ts given above, when compared with those of the hypo- 
trichida, show that Paramaecium usually attains its maximum 
numbers at the surface when the h 3 ^potrichous ciliateshave passed 
their period of greatest abundance. 

0 . VoriiceUa 

A { group. VV)i ticella made its appearance on the 30th day and 
inercasod gradually in numbers until the 65th day when about 
100 j)er ec. were seen. Then it rose rapidly to a maximum of 
700 ])er cc. on the 73rd day, declined equally rapidly to 200 per 
cc. i)y tlK^ 79th (lay, and then rose again to nearly 700 per cc. on 
the 8()th day when t h(‘ last observation was made. 

^1 // group. This form appeared on the 5th day and persisted 
in small numbers to the 27th day. From this point it rose to 3000 
per cc. on the 44th to the 49th day, and then quite rapidly de- 
clined to al)out cSO per cc. on the 6 7th day. Another rise to about 
500 p('r cc. occurred on the 75th day when the culture was dis- 
continued. 

A III group. Vorticella appeared on the 8th day and continued 
in almost negligible numbers until the 25th day when it began to 
multi])ly rai)idly until the maximum of 700 per cc. occurred on the 
29th day. It then decreased to less than 20 per cc. by the 33rd 
day and remained in about this number to the 50th day, after 
which it again increased to 600 per cc. on the 57th day and declined 
to about 120 per cc. on the G4th day, when the last count was 
taken.’ 

A I r group. This form made its appearance on the 7th day 
and persisted in comparatively small numbers until the 26th day, 
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when it began a period of great abundance, reachitig a inaxiinuni. 
of 3500 per cc. from the 43rd to the oOth day. It then declined 
to about 1600 per cc. on the 57th day when the hist count was 
taken. Vorticella attained a higher maximum than any other 
protozoon in this group of infusions. 

B I gvouj), Vorticella appeared on the 18th day, rose to about 
200 per cc. on the 21st day and fell to 20 per cc. on the 26th day. 
It continued in about this abundance up to the 34th day when it 
multiplied rapidly and produced a maximum of about lOOO 
per cc. by the 37th day. This was followed by a rapid decline for 
a few days and then a slow decline to the 67th day when the form 
became extinct. 

B II group, Vorticella appeared on the 5th day aiid fluctuated 
in numbers under 200 per cc. until the 45th day when the maxi- 
mum of 300 per cc. occurred. This was followed by a ra]:)id de- 
cline resulting in extinction by the 50th day. 

B III group. This genu.s appeared on the 16th day and per- 
sisted in very small numbers, reaching its maximum of 120 per 
ce. on the 59th day. It had decreased somewhat by the 64th day 
when the last observation was made. 

B IV group. In this group Vorticella appeared on the 2nd day 
and persisted in numbers lass than 200 per cc. until the 11th day, 
then arose abruptly to 3500 per cc. on the 16th day, and fell 
almost equally abruptly to about 20 per cc. by the 26th day. It 
persisted in approximately this number to (he last count on the 
36th day. 

C I group. In this group of three infusions, the curve for Vor- 
ticella shows a peculiar series of fluctuations. The form appeared 
on the 44th day, rose to 500 per cc. by the 57th day, fell to 20 
per cc. by the 67th day, rose again to practically 500 per cc, by the 
74th day, fell again to about 20 per cc. })y the 81st day and then 
had still another rise which brought the organism to its maxiimim 
on the 86th day, when the last observation was taken. 

C III group. Vorticella appeared and attained its maximum of 
100 per cc. on the 38th day in this infusion. From this time it 
very gradually decreased in numbers until the 65th day when the 
final count was made which showed about 50 per cc. 
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C IV group. Again in this series Vorticella passed through a 
serif's of fluctuations, beginning on the 19th day, reaching a 
maxiniuin on the 32nd day of approximately 500 per cc., falling 
to lU'arly zero on the 37th day, and thereafter increasing in num- 
ber until there were about 240 per cc. present at the final count on 
th(; r)(jth day. 

A study of th(? data prcs('nted above shows that Vorticella 
usually attains its grt'atest abundance later than Paramaecium. 

6. Amoeba 

A I group. Amoeba was first seen on the 47th day, rose to a 
maximum of about 1000 per cc. by the 56th day and decreased 
until none wen* ))r('seut on the G7th day. 

A H (jroup. This form appeared on tlie 21st day and fluctuated 
in numbt'rs until tlie oOtli day when it completely disappeared. 
It reai)i)eare(l again on the OOth day and reached a maximum of 
about 1000 per cc. on the 75th day when the last count was made. 

A III group. Atnoebae appeared on the 17th day and after 
various lluctiiatioiis attained a maximum of 2700 per cc. on 
the 57th day. After this they declined rapidly and had disap- 
pean^d by the ()4th day when the last count was taken. 

A IV group. These forms were first seen on the 5th day and 
continued to be present, though in practically negligible numbers, 
until tlic 21st day. Then they began to multiply rapidly and 
attained a maximum of 2500 per cc. on the 32nd day. A sudden 
decline brought the number down to about 40 per cc. on the 36th 
day and zero was reached by the oOtli day. 

B I group. Amoebae did not appear at all in one of the cultures 
of this group, and in the other a total of 22 amoebae were observed 
at diflorent times from the 40th to the 87th day. 

B II group. Starting on the 23rd day, this form reached a per- 
iofi of greatest abundance on the 45th day when about 100 per 
cc. were counted. Extinction occurred by the 55th day. 

B III group. This form appeared on the 14th day and reached 
a maximum of 1000 per cc. on the 25th day. They completely 
disappeared by the 37th day. 
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B IV (jroup. About 80 amoobao per cc. were observed on the 
7th day, and from this they gradually decreased until the 18th 
day wlu“n the last iodividuals were soon. 

1000 


0 

Fig. fj li ff grtMip. 'rtir; ordinates indirate the number of organisms per re. 
at the siirfiier. On tlie ubsris.su is plotted the number of days of the existence of 
the infusions. .Monad = ;(.'olpodu = - — ; Hypotrirhida = — . — ; Para- 
marriimi - ; Vorlirrila = ; Amoeba = — ■ ■ 

C I (jToup, Aluoeba was first seen on the 46th day, reached its 
highest point one day later and maintained this maximum of 
nearly 300 per oc. for five days, after which a slow but steady 
decline brought it to extinction by the 86th day. 

C II / (imip. This form appeared on the 42nd day, reached its 
greatest al)uudanc(*, 120 per cc., on the following day, and dis- 
appi^annl by the r)3rd day. 

C I V group. Iti this culture amoebae reached a greater devel- 
opment than m any of the others. They were first seen on the 
6th day find reached oOOO per cc. from the 18th through the 22nd 
day. Then they declined quickly to about 500 per cc. on the 27th 
day, only to rise again almost as fast to their maximum of 5700 
per ee. on the 3Sth day. From this point they fell to 200 per cc. 
by the 51st day, and at the last observation, on the 56th day, 
about 1000 per cc. were again present. 

A cart'ful analysis of the above data shows that amoebae 
attained their greatest development slightly later than Paramae- 
eium and earlier than Vorticella at the surface of the infusions. 
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IV. SUMM.-UIY OF SURFACK COUNTS 

T.ABl.i: 2 


DAY OF 
PKAHAN’C'K 


n VV OF M AXIMUM 


ftAY OF 

l>Iil M'l'K AU ANCK 


[ Monads 

2 

. 7 

20 

Colpoda 

() 

14 

GG 

Hypotrichida 

9 

51 

85 

Paramaecium 

14 

51 


Vorticella 

30 

73 


Amoeba 

47 

oG 

t)7 

Monads. . .A 

2 

4 

8 

Colpoda 

o 

27 

19 

Hypotrichida 

3 

39 


Paramaecium 

to 

0 

0 

V'orticella 

0 

14 

- 

Amoeba 

21 

75 


[Monads 

2 

2 

3 

j Colpoda 

0 

10 

63 

j Hypotrichida 

6 

29 

43 

j Paramaecium 

,7 

48 


1 Vorticella 

8 

29 

— 

‘ Amoeba 

17 

57 

G1 

[Monads 

2 

4 

0 

j Colpoda 

d 

13 

21 

Hypotrichida 

G 

20 

— 

1 Paramaecium 

4 

31 

— 

Vorticella N . 

7 

43 


[Amoeba 

5 

32 

70 

[ jMonads 

2 

S 

(■»0 

j Colpoda 

S 

11 

30 

! Hypotrichida 

0 

11 

55 

1 Paramaecium 

10 

20 

Go 

! Vorticella 

18 

37 

07 

i Amoeba 

0 

0 

0 


* A dash in this column indicates that the organ i.sm was still present when the 
last observation was made, 
t Omitted because Didinium affected the sequence. 

J Disturbed by Didinium. 
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fMf/riaHs 

i Colpofiji 

H J] I 

I VorticftJIa 

< Artirjoba 

f 

i t 'olpotla 

li HI <! 

j Ibirjuiiaof;iiun. , 

I VA>r}:icoJ!a 

i Amo(>ba 


j ro]j)0(la 

Ji iV ^ ^Lvpnlrichida. 

j Hiiramapfium.. 

i Vortici'lla 

[ Amoeba 

f A[ona(la 

1 t.’olpoda 

J J ^ fy potriclii<] a . . 
) i’araEnaeeium, . 

I Vortieolla 

1 Amoeba 


( Momuis 

bV)lj)oda. . 

('in i 

) (bvra)u:ve<'ium. 

j V'oflicollu 

[ Amoeba 


f Moriad^i 

I Colpoda 

C I\’ I ^^>'P<di'i(‘hid:i 
Ibiruiriaeeium. 

i Vorficella 

; Amoeba 


TABLE 2— Continued 


DAY OF 

appeaba ncb 


OAT 0? MaXlMUM ‘ 

: ®“^®aiiakce 


2 4 

0 6 

3 11 

7 


8 

15 

29 

24 


0 

45 

50 

23 

45 

55 

'> 

9 

12 

5 

8 

18 

29 

10 ■ 

15 

II 

17 


IG 

59 


14 

25 

37 

2 

3 

7 

G 

12 

16 

3 

7 

35 

fo 

0 

0 

2 

16 ' 

36 

■ ' 

7 

18 

G 

15 

20 

8 

15 

46 

l(i 

19 


21 

45 


44 

8fi 


46 

47 

86 

3 

8 

24 

4 

33 


20 

24 ^ 


23 

37 


3S 

38 ^ 


42 

43 

53 

2 ^ 

. 1 

27 1 

32 


32 

56 

18 

32 



31 

44 ; 


10 

32 



6 

38 i 
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TABLE 


TIMES ATTAINED MA5IM0M ; 'tIMBS DISAPPEARED 
FIRST FIRST 


Monad dd 

10 

10 

versus ' 

{'ul])oda ^ 0 

0 

1 (7i 7) 

Colpodu 8 

6 

8 

versus 

llypotrichida. . 3 {A 11 , H I[, B IV) 

4 (BJ, BIIIJUV, Cl II) 

2 (A 7/7, B III) 

Hypotrichida. . 7 

i 

4 

versus 

Paramaeemm. 1 {A IV) 

0 

0 

Paramaecium. , 8 

7 

2 

versus 

Vorticella 1 (CIV) 

2{AIII,CIV) 

0 

Paramaecium. , 7 

7 

0 

versus 

Amoeba 1 {r?/P) 

1 (CIV) 

G 

Vorticella 7 

4 (A 77, A III, (' III, 
CIV) 

1 {B!I) 

versn.s 

Amoeba Z (A IV, B III, C IV) 

h 

7 


From the above tables the most frequent sequence for the 
entire series of infusions is found to bo as follows: 



-APPEARANCE 


MAXIMUM 


DISAPPEARANCE 

(1) 

Alonad 

(1) 

Monad 

(1) 

Atonad 

(2j 

C'oipoda 

(2) 

Colpoda 

(2) 

Uolpofla 

(3.) 

Hypotrichida 

(3) 

Hypotrichida 

(3) 

llypotrichida 

{4} 

Paramaecium 

(4) 

Paramaecium 

(4) 

Amoeba 

(a) 

Vorticella 

(5) 

Amoeba^' 

(3) 

Paramaecium 

(6) 

Amoeba 

(3) 

Vorticella 

(15) 

Vorticoliji 


Cases in which both of the oiganisiiis being compared attained the condition 
on the same day are not included. The fact that both the organisms frequently 
‘survived the period of observation (except in Series 11} is responsible for the rela- 
dvely few cases included in the third column. 

’H’he figures for Amoeba versus Vorticella are so nearly the same that the 
'• uriation is well within the error of the experiments. 
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A sinular analysis of the data of the A , B, and C series of infu- 
sions separaUdy shows the following sequence: 


.1 .Series 

ACJK.UlWf.K MAXIM CM 


(l) 

Monutl 


(IJ 

Monad 

(2) 

Uolpijthv 


(2) 

C olpoda 

Ci) 

Hypoti'icliida 


(3) 

Hypotrichida 

(V 

I’uraniiu'ciiirn 


(4) 

Paramaecium 

(r,) 

Vortifclla 


■ (o) : 

1 V^orticella 

(«} 

A mocha 

li Series 

[ Amoeba 



ACrKAKAN'CK 



MAXIMUM 

(I) 

Momul 


(1) 

Monad 

(2) 

|( 'olpodn 


(2) 

I Colpoda 

\ Hypotrichida 


[Hypotrichida 

(:p 

Fararnacciurn 


(3) 

Paramaecium 

(4) 

Vorlicfdlu 


(4) 

Amoeba 

(A) 

A mocha 

(' Series 

(5) 

Vorticella 


An’EAHANCr, 



MAXIMUM 

(1) 

^ ton ad 


(1) 

Monad 

(2) 

( ‘olpoda 


(2) 

Colpoda 

(3) 

Hypotrieliida 


(3) 

Hypotrichida 

(4) 

I’aramaociuni 


t4) 

Paramaecium 


Vorti<adla 


(o) 

Vorticella 

m 

Amoeba 


(61 

Amoeba 


V. PROTOZOAX FAUNA AT THE AIIDDLE OF THE INFUSIONS 

It is evident, from the observations on these infusions, that the 
protozoan fauna of the middle of the infusions is meager, com- 
pared with that of the top and bottom. Practically all the organ- 
isms wliich have been observed at either the top or bottom have 
been found in the middle counts; but either in such small numbers, 
or so irregularly, as to make a detailed tabulation of the records 
of little value. Therefore they are not presented here. Bio- 
logically, the middle of the infusion clearly offers a less favorable 
environment than either the top or the bottom, and is therefore 
tenanted chiefly by a free-swimming population brought there by 
an overcrowding at the top or bottom, and by formsemigrat- 
ing from the top to the bottom as the cycle proceeds. Naturally 
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Fig. 7 B III group. Tho ordinate.s represent the number of organisms at the surface, 
the abscissa is plotted the number of Hays of the existence of the infusions. Monad = • 

(.'olpoda = ; Hypotrichida = — « — ; Paramaecium = — ; Vorticella = — ■ 

Amoeba = — • • — . 
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those protozoa, like Parainaecium, which are strong swimmer? 
arc most frequently found in this region. 

VI. PROTOZOAN FAUNA AT THE BOTTOM OF THE INFUSIONS 

On account of the marked difference in the bottom fauna of the 
A, a[id C infusions, it is more convenient to consider each of 
the.se types of infusion.s separately. 

1 . A Infusions 

Monad. The types of monads recorded in the surface fauna 
were observed in inappreciable numbers at the bottom, so that it 
is evident that when these forms disappear from the surface their 
cycle is over. Certain other species of monads appeared irreg- 
ularly in comparatively small numbers at the bottom, but it is 
unnecessary to recount them here. 

Colpoda. In groups I and II Colpoda did not appear at all at 
th(j bottom. In group III comparatively few Colpoda (approx- 
imately one-twenty-fifth as many as at the top) appeared just 
during the top maximum. Group IV showed a maximum of 500 
per cc., which coincided with the top maximum of 2500 per cc. 

Ilypotrichida. These forms occurred in negligible number in 
groups II, HI and IV. In group I there was a small maximum of 
60 per cc. on the 38th day. 

Paramaecium. Practically no paramaecia appeared ’at the 
bottom in any of the A cultures except A where, toward the end 
of tlio observations, one count of 300 per cc. was taken. 

VoriiccUa. Vorticella were not observed in group I until near 
the end (76th day) when a maximum of 40 per cc. was attained. 
Group II, however, showed the largest number for the A series, 
with a maximum of 400 per cc. on the 72nd day, i.e., near the end 
of the observations. In groups III and IV Vorticella was not 
obseiTcd until nearly the end of the study when maxima of about 
40 per cc. were reached. 

A 7}mba . In all the groups of infusions, amoebae were in greater 
abundance at the bottom than at the top. A maximum of 3000 
per cc. occurred from the 55th to the 60th day in A I; a maximum 
of 6000 per cc. on the 7Gth day in A II; a maximum of 2000 per 
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cc. from the 36th to the 50th day in A III; and a maximum of 6500 
per cc. on the 23rd day in A IV. 

2. B Infudom 

Monad. In groups B I and B II monads were practically 
absent. B III had none at the bottom during their presence 
at the top, but later a few were observed at the bottom from the 
35th to the 55th day. In B IV monads appeared in numbers be- 

3000 


2000 


1000 


^ 10 20 30 40 

B IV group. The ordinates represent the number of organisms at the 
On the abscissa is plotted the number of days of the existence of the in- 

Monad = •••■; Colpoda = ; Hypotrichida = ~ ; Vor- 

‘ ; Amoeba = — • ■ — . 

tween 500 and 100 per cc. from the 20th to the 35th day. Their 
appearance was coincident with the descent of paramaecia. It 
will be recalled that few monads were observed at the surface of 
the infusions of this group. 

Colpoda. Considerable diversity existed between the Colpoda 
in the B groups. In B I and B III they attained a temporary 
maximum of approximately 15000 per cc., just after their dis- 
appearance from the top (cf. fig. 13), In B II and B IV prac- 
tically none were seen at the bottom. 
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IJypotrickida. Those forms appeared in negligible numbers at 
the bottom in groups TI and III, while in group I the largest 
bottom count was takfm, i.e., 110 per cc. on the 33rd day (cf. 
fig. 14). Group IV also showed a relatively large bottom count 
as compared witli the toi) (‘ount, having a maximum of 80 per cc. 
on the 24th day. 

Para7meciu7n. B I showed a larger number of Paramaecia at 
the bottojii than at the top. Conjugating specimens were seen at 
the bottom only (cf. figs 5 and 12). B II showed practically no 
parama(;cia at the bottom, but this is explained by the fact that 
Didiniiim early {‘xterminated them in this group. A heavy 
growth appear(^d in B III after conjugation was prevalent at the 
top (cf. fig. 13). B IV had very few paramaecia at the bottom 
until the 34th day and then there appeared about 500 per cc. 
All disappeared by the 4oth day. Their appearance at the bot- 
tom was coincident with a decline at the top which was brought 
about by Didin ium. 

VorticeUa. In group I this form attained a maximum of 175 
per cc. on the 38th day, while in group II they reached a maximum 
of 240 on the 20th day. VorticeUa appeared in group III in 
small numbers at both top and bottom, the bottom maximun\ 
being CO per cc. on the 31st day. In group IV, however, the larg- 
est bottom co\mt was recorded, i.e., 600 per cc. on the 28th day 
(cf. fig. 15). 

Amoeha. There was a great difference in the amoeba fauna of 
B1 and B2 of group I, so that it is better to present these separ- 
ately. B1 had a maximum of 10000 per cc. on the 53rd day, 
while B2 coidained practically no amoebae at any time. 'The 
B II group showed a large growth which attained a maximum of 
2500 per cc. on the 50th day and terminated on the 58th day. 
There was a relatively small maximum of 250 per cc. on the 37th 
day in B III and the amoebae had disappeared by the 45th day, 
A maximimi of 2000 per (‘.c. was in existence in B IV from the 35th 
to the 45th day, wlicn the last regular observation was made. 
This culture, however, supplied countless Amoeba proteus for 
class use for two years thereafter. 
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Fig. 9 C / group. The ordinates represent the number of organisms per cc. at the surface. On the abscissa is plotted 

the number of days of the existence of the infusions. Monad = • • ■ ■ ; Colpoda ~ ; Hypotrichida = — • — ; 

Paramaecium = ; Yorticella == ; Amoeba — • • — . 
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3. C Injuswns 

Monad, Monads appeared only in inappreciable numbers in 
all the j^roups of illusions. In j^roup IV, however, a number of 
monad forms, other than those included in the top counts, ap- 
peared in con.sid('ra})le numbers for a time. 

Colpoda. IVactically no (.‘olpoda were recorded for groups I 
and III. Group IV showed a brief maximum of 2500 per cc. which 
coincided with that of the top. 

Ilypolrichida. The hy[)otrichous fauna was practically zero. 

f^aramaeciuvL Paramaocia were not observed, except in group 
I where 100 jier cc. were recorded for five days after a rapid 
decline at the top. 

Vorticella. Practically no Vorticella appeared in the bottom 
counts. 

Amoeba, In ^roup I a few amoebae appeared on the 45th 
day and reached a maximum of 250 per cc. within the next five 
days, and then disappeared with equal rapidity. A heavy growth 
of 10000 tiny amoebae was attained in group III by the twenty- 
fifth day, and all were practically gone within ten days. In 
group IV a maximum of 10000 tiny amoeba was recorded on the 
20th day and from this time the number gradually decreased 
until the 47th day when very few were observed. This decline 
was followed by a rapid rise to about 2000 per cc. on the 56th 
day when the last count was taken. 

Vll. DISCUSSION AND CONCLUSIONS FROM THE OBSERVATIONS 
ON THE SEQUENCE OF THE SURFACE, MIDDLE 
AND BOTTOM FAUNA 

1, Surface fauna. 

These extended observations on the protozoa of typical labor- 
atory infusions, made up by several different methods, clearly 
indicate a definite succession of certain representative forms at the 
surface of the water.^® 

I am imiebtod to Mr..T. S. Painter, one of my students, who made for me a 
careful st\idy of a luiinbcr of similar infusions in the Yale Laboratory and also at 
his home in Salem, \irginia. Ills observations show an essentially comparable 
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The close agreement both of the sequence of appearance and of 
maximum numbers in all three series (.4, B, C) is striking (cf. p. 
244) and indicates that the sequence is not merely the result of 
factors incidental to the methods employed. 

The data in regard to the time of disappearance is relativc'ly 
meagre for the T and (7 series because many of the typical forms 
.‘itudied survived the period of the last observation. Consequently 
the sequence of time of disappearance is based chiefly on data from 
the B serieS; which, on account of the removal of the hay, passed 
through its cycle much more rapidly. 

It is remarkably suggestive that the sequence (derived from the 
entire series qf infusions) of all the forms at tlie time of appearance 
and at the time of maximum numbers and at the tinn^ of disap- 
pearance is identical^ with the exception of Amoeba. The data 
indicate that the Amoeba cycle in the infusions is comparatively 
short since the position of Amoeba in the series advances progres- 
sively forward: it being last at the time of appearance, n(*xt to last 
(before Vorticella) at the time of maximum and third from last 
(before Paramaecium and Vorticella) at the time of di-sappear- 
ance. However, as has been already pointed out, the data is not 
sufficient to positively establish the relative position of Amoeba 
and Vorticella at the period of maximum numbers. 

A study of the curves plotted from the surface counts of single 
infusions or groups of infusions reveals the fact that when once 
a great development is attained by a particular form, this maxi- 
mum is seldom approached again. There are, however, some 
striking exceptions to this as, for example, Colpoda in group .4 III 
(cf. fig. 3) and the Hypotrichida in group C IV (cf. fig. 11). 
The curves further show that the major rise and fall in numbers 
are usually of about equal rapidity, though the final complete 
disappearance of an organism from the infusion may be long 
deferred Careful searching in many of the A and B infusions 

sequence of forms with tlie one here described. Among the monads, however, he 
found a large development of Chilomonas, while thi.s form w^as relatively scarce 
in my infusions. Also, his Amoeba fauna was. partially replaced by a con.sider- 
able growth of Arcella. This latter j'esult is interesting .since it shows that some- 
what closely related rhizopods fill nibstantially the same place in the economy of 
the infusions. 
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Fig. 11 C IV group. The ordinates represent the number of orgfinism.s per 
ct. at the surface. On the abscissa is plotted the number of days of the existence 

of the infusions. Monad = ■ ■ ■ ; Colpoda = ; Hypotrichida = - - • 

Paramaecium ; Vorticella - — — - ; Amoeba = — - • — , 
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after a lapse of nearly three years showed a few survivors of nearly 
all the chief forms, mostly at the bottom among the algae and 
debris 


2. Middle fauna 

* It is impossible to doterrniiHi any definite sequence of forms for 
the middle of the infusions — this region being, as already pointed 
out, a more or less neutral territory which is encroached upon from 
time to time by organisms from the top and bottom as conditions 
in these n'gions vary. 


3. Bottom fauna 

Tlu^ hotioni fauna also has not exhibited a definite succession 
similar to that of the top. A study of the data already presented 
shows that th(‘ protozoan forms under consideration, with the 
exception of many amoebae, arc essentially surface dwellers and 
seldom resort to the bottom except during or after a period of great 
development at the top. However, there is no invariable correla- 
tion between a fall in numbers at the top and a rise in numbers of 
th(^ same species at the bottom, and it seems clear that, in the 
majority of cases, when a speefes declines in one region, most of 
the animals encyst or die. The latter is certainly true for Para- 
maecium because many hundreds of passive and dying individuals, 
affording a feast for Coleps, may sometimes be seen among the 
debris at the bottom. Again, myriads of cysts of hypotrichous 
forms are frequently found at the bottom as the surface decline 
proceeds. Amoebae, among the protozoa under consideration, 
appear to give some evidence of migrating from the surface to the 
bottom which is their chief abode. The data on amoebae give 
the impression that some forms first appear in the infusions as 
amoebo-flagellates which gradually increase in size and before 
long are unable to asaume the flagellated phase. The pesudo- 
podia of these are first of the guttula type but become more and 
more long and slender until many typical radiosa forms are present, 
and these in turn give place to typical large A. proteus. Only 
in certain infusions has it been possible to trace such a series, but 
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in these it has been quite striking, and in one of the later infusions 
I was able to predict correctly that declining ainoebo-flagellates 
would be replaced by typical amoebae. Such a cycle, of course, 
would not be remarkable in view of the results of some investi- 
gations on amoebae.^** Although the data from these infusions 
by no means prove that the forms represented in this cycle arc 
stages in the life history of a single species, nevertheless I lean 
toward the view that such will prove to be the ease (ef. j). 211). 

Taken as a whole, the study of the bottom fauna has proved to 
be less interesting than was anticipated, as I had expected to find 



Fig. 12 Comparison of the Paramaccia fauna at the bottom of infusion 

( ) and infusion B2 ( ). x = point at which an epidemic of conjugation 

occurred in Bi. 

a much closer correlation between declines at the top and rises 
at the bottom, and vice versa. ApparetUly the bottom forms are 
largely independent of those at the surface, and the protozoan 
types under consideration, with the exception of the amoebae, are 
represented at the bottom by considerable numbers of active indi- 
viduals chiefly when some sudden change, such as the falling of the 
zoogloea, brings them down, or by stragglers which manage to 
exist by avoiding the competition at the top. It is nearly always 
possible, by careful searching, to find at the bottom a few strug- 
gling individuals which have survived from an earlier prosperous 
surface population. 


’^For example, cf. Metcalf: Studies upon Amoeba. Jour. Exp. Zool., vol. 9, 
1910. 
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VatUm determining the sequence 

Tho problt'iM bocDrnos (uionnously complex when an attempt is 
made to decide upon the chief determining factors of the observed 
se(|U(‘nee of organisms at the surface of the infusions, and is en- 
tirely bey<)!id our power of analysis from the data extant. There- 
fore, I beli(we, it is preftTuble at this time not to enter into an 
extended discussion of this question. I shall, however, briefly 
mention sonu^ points which seem to indicate suggestive lines for 
future study. 

Then^ is experimental evidences that, broadly speaking, the 
potential of division decreases from monads to paramaecia; that 
is, for example, paramaecia, under optimum conditions, divide 
less frecpK'Mtly than th(^ majority of the hypotrichida, and simi- 
larly, th(‘ latter divide less rapidly than Colpoda. In regard to 
Vorticella and Amoeba, however, sufficient data are not at hand 
to make a d(‘finite statement. 

With this in mind a scTies of experiments were made on the time 
of appearance of maximum numbers of Monads, Colpoda, Hypo- 
trichida and Paramaecium in separate flasks of infusion which 
were s(Mxled with a single individual of one species. The multi- 
plication of tlu‘ respective forms in the various flask cultures was 
observ(‘(l, and the results showed remarkable agreement with the 
sequence of maximum numbers as determined for these same 
forms in the regular infusions. Consequently it appears that the 
number of specimens of any particular organism initially intro- 
duced into the large infusions, or the time of emergence of en- 
cysted forms has not had an important infl\ience on the sequence 
of maximum numbers in these infusions as determined for the 
complete series. It may well, however, account for at least some 
of the individual variations in the sequence of appearance in 
numbers sufficient to be included in the samples studied, and of 
maximum numbers, which are apparent in particular groups of in- 
fusions. xVgain the interaction of the different forms would 
appear, at first glance, not to be a crucial factor in the sequence 
of maximum numbers since, in the experiments cited, the ^se- 
quence' was duplicated, when only one species of organisms was 
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in each flask of infusion. This conclusion nevertheless, does not 
necessarily follow from the data, because all of the forms under 
consideration can flourish on a bacterial diet, which, of course, 
was supplied in each case. The interaction of the various forms 
clearly plays a part in the duration of the maximum and the 
rapidity of the decline. Experiments by the slide method of cul- 
ture, which I have employed in my pedigree ciiltur(^ work, show 
that in culture medium which is the same from day to day prac- 
tically the same ^sequence’ of maximum numbers occurs and in 
this case it is apparent that chemical changes in the environment 
are not responsible for the results. Further, it is possible to carry 
all the forms under consideration for at least one hundred genera- 
tions by this slide method, and this is sufficiently long to show 
that enough organisms can be produced in a medium which is 
chemically constant to supply, many times ovei-, the number of 
organisms recorded at the maxima in the regular infusions. Con- 
sequently I think that these observations indicate that tlie rela- 
tive potential of division of the four forms under discussion is 
adequate, under certain conditions at least, to establish the ob- 
served sequence of maximum numbers, and clearly suggest that 
it may be an important factor in large infusions. 

The data from these infusioi^s lead me to believe that the strictly 
biological factors are of greatest importance, anti that it is neces- 
sary to look to somewhat subtle chemical changes in the medium 
for the important chemical factors in the environment. Fine’s 
studies^^ on these infusions are in accord with this view and indi- 
cate that such general chemical changes in the environment as, 
for example, titratable acidity are not determining factors, at 
least for these particular species. My work on the excretion prod- 
ucts of Paramaecium shows, ^‘Tiowever, that such substances have 
an inhibiting influence on the reproduction of this form, and it is 
quite probable that these products affect the sequence, maximum 
numbers, and decline of the various species. In fact Bhelford, in 
his studies on the ecological succession of fish in ponds, believes that 

'"Cf. Fine: loc. cit. 

The effect of excretion products of Paramaecium on its rate of reproduction. 
Jour. Exp. Zoo]., vol. 10, no. 4, 1911. 
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his data show that the succession of those forms is not deter- 
mined by the kind of available food but to an unused increment of 
decomposition and excretory materials which, in the last analy- 
sis, affects breeding. 

5. Decline in 7iumhers 

Closely involved with the problem of the sequence of appear- 
ance and maximum of the various forms is that of their more or 
less rapid decline in numbers. Here again the accumulated data 
do little more than establish the fact. The decline of the monads 
is quite clearly due, in part at least, to the evident variation in the 
amount of food in solution and to the rising hosts of Colpoda. 
The decline of Colpoda may be similarly ascribed to the domi- 
nance of the hypotrichida. Most of the hypotrichous forms were 
literally filled with ingested Colpoda which formed their staple 
diet. The relations of Paramaecium and Vorticella to their pre- 
decessors, successors and to each other is not so apparent, but 
their abundance may well be influenced by a succession of the 
bacterial flora, for example, which unfortunately could not be 
followed in these studies, as well as to the host of other protozoan 
species. The competition between the various foi-ms is so keen 
and the cycle is so rapid that oven daily observations are, at times, 
insufficient to reveal the kaleidoscopic changes. Now and then, 
however, some prominent case of competition, such as that be- 
tween Paramaecium and Didinium, is forced upon the attention 
and the reason for the extinction of one form is clear. Didinium, 
in fact, so quickly exterminated the paramaecia in groups A II 
and B IV that it was necessary to omit the records of paramaecia 
in the table of sequence of these infusions (cf. table 2). In B II 
also the paramaecia cycle was considerably aborted by Didinium. 
Among other instances of a similar nature, the destruction of hosts 
of Colpoda by the suctorian Podophrya may be mentioned. In 
other words, one who closely follows a series of infusions day by 
day cannot but be impressed with the intense struggle for food 
and the eternal warfare in this microcosm, and become con- 


Biological Bulletin, vol, 22, no. 1, 1911. 
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vinced, thouf 2 ;h he cannot prove, that in the final anaylsis the 
paramount factor is food, though many other factors, such as 
excnd i(fn products, etc., may play a not unimportant part. Bio- 
metrical study of variation in certain Protozoa shows that the 
av(Tag(‘ sizf* of the population is smaller after their period of 
giuatest abundance in an infusif>n and that “there can be little 
doubt that otn* of tln^ chief factors which induce saprophytes like 
(diilomonas to disappear from a culture is that the medium no 
long(‘r furnishes i)roper food (either in amount or kind, or both).”^'* 



10 20 30 40 50 60 70 80 

Fig. M B I gruup. Ilypotrichoii.s fauna at the bottom. 


Vlll. COX-TUOATION 

( 'omparativcly few epidemics of conjugation were observed in 
this entire study, and these were chiefly among paramaecia, so 
that the data in this connection are quite meager. It therefore 
has not been jmssiblo to make any definite correlations between 
th(‘ pres(‘nce of the phenomenon and the fate of the conjugating 
forms in the infusions. However, a study of the records in regard 
to Paramaecium seems to show that conjugation usually occurs 
when a coTiiparatively large number of individuals are present 
and that inuuediately following an epidemic there is a temporary 
decline in the number of specimens observed. After this decline 
there may or may Jiot be a large increase in the number of animals. 

It seems clear that in many cases conjugation is coincident with 
sudden changes in the environment. In fact the phenomenon 
may occur in certain cases almost solely among individuals which 
have been carried to the bottom with falling zoogloea. But that 
this does not of necessity bring about conjugation is shown by in- 
fusions B1 and B2. Conjugating paramaecia were not seen at 

Pearl : Variation in Chilomonas under favorable and unfavorable conditions, 
Biometrika, vol. 5, 1900-1907. 
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the surface of either of these infusions, and at the bottom it was 
only observed in BL At the point marked x (fig. 12) fully 95 
per cent of the animals were conjugating. Nevertheless the par- 
amaecia fauna at the bottom ran practically the same course in 
each infusion, in fact it survived somewhat longer in the infusion 
in which conjugation was not observed. This culture also illus- 
trates a case in which a temporary decline in numbers occurred 
immediately after an epidemic of conjugation (cf. fig. 12). 

3000 


2000 


1000 


0 10 20 30 40 

Fig. 15 n 7F group. Vorticella fauna at the surface ( ) and bot- 
tom ( ). 

In group B III, in which there was an exceptionally large 
bottom fauna, conjugation was observed among the paramaecia 
at the surface and bottom simultaneously, but was somewhat more 
prevalent at the top. Fig. 13 shows that the epidemic occurred 
at the period of the surface maximum and that the ensuing decline 
at the top was coincident with a remarkably large increase in the 
bottom growth. 

Apparently many species of infusoria do not resort to conju- 
gation to sustain rapid cell division when the environment is 
slowly changing and the data give no reason for believing that 
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conjugation effects ‘rejuvenation.' In many cases encystment 
occurs and the organisms remain at the bottom when conditions 
become soriiewhat unfavorable; but undoubtedly the majority 
die after their period of maximum abundance. My experience 
with thes(j cultures heaves me with the impression that conjuga- 
tion will be fourul to be a means resorted to by many species to 
survive acute chang(‘s in the environment, which, for example, 
preclude cncystnu'nt. It is suggestive in this connection that in 
forms lik(‘ the hypotrichida, which, as is well known, have a de- 
cided tcmdcncy to encyst, and the cysts of which were observed in 
great abundance at the bottom of these infusions after the active 
forms passed th(‘ir maximum, not a single syzygy was observed; 
while ill Paramaecium, in which the power of encystment has 
never been established, conjugation is recorded comparatively fre- 
quently. Howiw^t, it is also clear from this work that a condi- 
tion which will induce conjugation in one race of Paramaecium 
will not always induce it in another, as epidemics have occurred 
between small races, while among giant races intermingled with 
them syzygies wt're not seen. This, of course, is in accord with 
Jennings' studios on Paramaecium.^^ The problem of the con- 
ditions inducing conjugation, and also of the effect of conjugation 
has recently become so complex from our increasing knowledge 
of the life history of various paramaecium genotypes, that the 
observations here recorded are interesting chiefly as throwing a 
side light on certain factors of the phenomenon as they appear in 
large cultures. 

IX. SUMMARY 

A 

The following points' may be emphasized: 

1. Ordinary hay added to tap water will not produce an infusion 
which is productive of a sufficient number of representative proto- 
zoan forms to make it profitable for the study of protozoan se- 
quence. 

2. Air, water, and hay arc all sources from which the protozoa 
of infusions are derived, and increase in importance in the order 

What conditions induce conjugation in Paramaecium? Jour, Exp. Zool., voL 
9, no. 2, 1910. 
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given. Of these three, however, air is practically a negligible 
factor in seeding infusions. 

3. In hay infusions, seeded with representative forms of the 
chief groups of Protozoa, there is a definite sequence of apj)ear- 
ance of the dominant types at the surface of the infusion, i.e., 
Monad, Colpoda, Hypotrichida. Paraniaeciuni, Vorticella and 
Amoeba 

4. The sequence of maximum numbers and of disappearance 
is identical with that of appearance, except that apparently the 
position of Amoeba advances successively from the last (sixth) 
place to the fifth place and then to the fourth place. 

5. A definite sequence of forms is not apparent at the middle 
or bottom of the infusions. 

6. The middle of the infusions is tenanted chiefly by a free- 
swimming population brought there by an overcrowding at the 
top or bottom. 

7. All of the protozoan forms considered (except Amoeba) are 
chiefly surface dwellers and it is evident that when they pass their 
greatest development at the surface this maximum is seldom 
approached again, and their cycle is practically over. 

8. The major rise and fall in numbers are usually about equally 
rapid, though the final disappearance of an organism may be long 
deferred. 

9. The appearance of any of the protozoan forms uiidei' con- 
sideration (excepting .Amoeba) in appreciable numbers at the 
bottom is most often coincident with or immediately subseipient 
to its surface maximum, and portends its more or less rapid elimi- 
nation as an important factor in the life of the infusion. 

10. Numerous abnormal individuals and cysts are frefiuently 
to be found at the bottom in great abundance immediately after 
the surface maximum. 

11. There is some evidtmee that amoebae migrate from the .sur- 
face to the bottom which is their chief abode. 

12. The observations give the impression that some amoebae 
appear as amoebo-fiagellates which gradually increase in .size and 
finally assume the form of typical A. proteus. 
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13. There is some evidence that the relative potential of divi- 
sion of the various forms may have an appreciable influence on 
the sequence of the maxima. 

14. Emphasis is put upon the strictly biological interrelations 
(e.g.^ those involving food and specific excretion products) of the 
various forms as the most important determining factors in the 
observed sequence. 

15. The observations suggest that conjugation will be found to 
be a means resorted to by many species to survive acute changes 
in the environment, which, for example, preclude encystment. 



CHEMICAL PEOPERTIES OF HAY INFUSIONS WITH 
SPECIAL REFERENCE TO THE TITRATABLE 
ACIDITY AND ITS RELATION TO THE PROTO- 
ZOAN SEQUENCE 

MORRIS S. FINE 

From the Sheffi^eld Biological Laboratory, Yale University 
FIVE FIGURES 

In the preceding paper ^ are presented the results of a study of 
the succession of the protozoan fauna of a series of hay infusions. 
ITie present paper gives the results of some chemical investiga- 
tions on the infusions employed by Professor Woodruff with a view 
to correlating, if possible, certain chemical conditions with the 
protozoan sequence there shown to occur. 

Although one cannot hope to obtain a complete analysis of the 
chemical factors involved, there are a limited number of deter- 
minations which can be made with some degree of ease and accu- 
racy, and which may quite reasonably be expected to throw light 
upon this problem. In the present work a preliminary survey 
was made to determine those estimations which would be likely 
to yield satisfactory results, with the view of instituting an inten- 
sive study of such factors. The determinations- thus first made 
were: (1) Phenolphthalein acidity, (2) Mfthyl-orange alkalinity, 
(3) Oxygen consumed, (4) Chlorides, and (5) Solids (total, organic 
and inorganic). 

The ‘phenolphthalein acidity’ was obtained by titrating 5 cc. 
of infusion with 0.01 N NaOH, using phenolphthalein as indicator. 

^L. L. Woodruff : Jour. Exp. Zool., voL 12, No. 2. The present work was under- 
taken at the suggestion of Profeasor Woodruff, to whom I am indebted for 
suggestions and criticism. 

* Cf. A. W. Peters: Amer. Journ. Physiol., vol, 17, p. 4o4, 1907. 
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For the ‘ rncthyl-f>range alkalinity^ 5 cc. of infusion were titrated 
with 0.01 N HCl with methyl-orange as the indicator. As 
suggesttMi by Peters,^ the samples were titrated under xylol, thus 
retarding tluj h)ss of volatile matter during the process. In this 
manner was (>f)tained the tiiraiable acidity which, however, as 
Peters' points out, is prfjbably not a correct expression of the con- 

centration of II ions with which the organisms are in contact. 
For the third and fourth determinations recourse was had to 
methods employed in sanitary water analysis. To determine 
the oxygen consumed, 5 cc. of infusion, filtered clear, and diluted 
to 200 cc. with distilled water, were treated with 10 cc. of 50 per 
cent and 0.01 N KMnO*, the excess of the permanganate 

being titrated back with 0.01 N oxalic acid. For the chloride 
determination, 5 cc. infusion, filtered clear, were titrated with 
0.01 N AgNOs, using a solution of K 2 Cr 04 as an indicator. Total 
solids were obtained by evaporating 25 cc. of the filtered infusion 
to dryness. The residue was ignited, thus furnishing the data 
for the inorganic solids. The difference between these two last 
values is the solid organic matter. 

The three latter determinations are recorded in table 1. Infu- 
sion 2 suggests a general increase in oxidized material. The data, 
however, are scant and lack uniformity. The figures for the 
chlorides show a rise to a maximum with a subsequent fall. What 
significance, if any, may be placed upon these data it is impossible 

, rni inorganic matter • j. , • . 1 .1 

to say. 1 he ratios ' ; ~ indicate, as is to be expected, 

organic matter 

a general trend toward^mineralized material. Of all the prelim- 
inary data, those for ' phenolphthalein acidity’ appeared to be 
most characteristic and constant. Moreover this determination 
lent itself very readily to serial estimation. It was therefore 
planned to study this factor in considerable detail for a large 
number of infusions prepared in various w^ays. 


’ Lot', cit.. p. 103. 


* Lot. tit., p. 464. 
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TABLE 1 


Preumixary Ixklsion 1* 


I’HKI IMIVARV JnhsIo.N 2* 


'“Z's 

hi 

i^s lizg 


Grams pK^r 100 cc. 
in fusion 


soi.in.s 



<! »: 
! 5 = < 
K| ’C 

sis 


1 

8 


0 . 034 : 0.010 

0.024 

0.42 

8 


0 068 

0 . 014 , 

0.054 

0.26 

4 

14 

; 264 

0.044 0.016 

0.028 

0.57 

14 

422 

0 078 

0 . 024 ^ 

0.054 

0,44 

8 

12 

236 

0 . 044 ^ 0 020 

0.024 

0.83 

16 

356 

0.071 

0 . 024 ' 

0 047 

0.51 

11 

16 

194 

0 048 ; 0 021 

0.027 

0.78 

16 

324 

0,076 

0 026 

0 050 

0,52 

15 

14 

192 

0 051 : 0,023 

0.028 

0.82 : 

16 

290 

0.078 

0 , 02 ,S 

0 050 

0,56 

18 ' 

12 

188 

0,058 0,026 

0.032 

o .< si ; 

16 

254 

0.081 

0 033 

0.048 

0.70 

22 

12 

214 

0.058 0.024 

0 034 

0 71 ’ 

16 

214 

0.078 

0.028 

0.050 

0.56 

25 

12 : 

194 

0 . 052 | 0.024 

0.028 

0,86 ' 

14 

216 

0.075 

0 , 030 ; 

0.045 

0.67 

29 

14 

260 

0 . 068 ! 0.032 

0.036 

0.90 

14 

174 ; 

0.084 

0 036 ‘ 

0 048 

0.75 

32 

14 

210 

0 . 062 ; 0 024 

0.038 

0.63 

14 

226 

0,073 

0 . 024 ! 

0 040 

0.49 

36 

12 

206 

0 068 ^ 0.025 

0.043 

0.60 

12 

230 

0 , 0 S 4 i 

0 02 l | 

0 060 

0,40 

39 

10 

204 

0 . 069 ; 0.031 

0 038 

0 82 

8 

224 

0 083 

0 030 ; 

0,053 

0,57 

43 

6 

212 

0 . 081 ' 0,030 

0 051 

0.60 1 

10 

206 

0 082 

0 032 ; 

0.050 

0.64 


• These IntBslons were prepared In the same manner as the typical members otscrloa A lace below). 


PREPAR.ATIOX OF IXPrSIOXS" 

Series A : Typical members. InfusionSwV-1, A-2, A-3, A-4, A-5, A-6, 
A-21, A-22, A-31, A-32, A-41, A-42, X-5V were made essentially 
like those prepared by Peters. In each case 20 grams Timothy 
hay in about 250 cc. of water were boiled five minutes. Both 
infusion and solid hay were then transferred to a battery jar con- 
taining some unboiled water and the volume made up to 5 
liters. These infusions were than eijually seeded with samples 
taken from several cultures of varying ages, in order to insure the 


^For further details see Woodruff, loc cit. 
®The protozoan count was omitted in A-51. 
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presence, initially, of as large a number of representative proto- 
zoan fornLS as possible. 

Atypical member. Infusion D-1 was prepared exactly as the 
above with the exception that the water to which the boiled hay 
and infusion were transferred had been heated to about 90° C. 
and no protozoa were introduced. By this means was obtained 
a protozoon-free culture fluid.’ 

Series B: Typical members. Infusions B-1, B-2, B-21, B-22, 
B-31, B-32, B41, and B-42^ were prepared by boiling 20 grams 
Timothy hay for five minutes, just as in series A, and then strain- 
ing into unboiled water so that a final volume of 5 liters was 
obtained. These were seeded exactly as in series A. 

Atypical members. Infusion E-1 was prepared just like the 
typical members of this series except that the water into which 
the boiled infusion .was strained had been raised to a temperature 
of 90° C. We have thus a protozoon-free infusion of series B, 
just as D-1 is a protozoon-free infusion of series A. Infusions 
BB-1, BB-2, BB-4, BB-5, and BB-6 were prepared exactly 

like the tyjhcal members of this series but in addition were treated 
in various ways. BB-1 and BB-2 were left unchanged, serving 
as controls. To BB-3 and BB-4 were added 5 and 20 grams of 
dextrose respectively. BB-5 was kept practically neutral to 
phcnolphthalcin by adding, when necessary, the calculated 
amount of NaOH. This necessitated stirring at each addition 
of alkali, and hence, as a check, BB-6 was stirred at the same time. 

Series C: Typical members. Infusions C-1, C-2, C-3, C-31, 
(Ml , ('"-42, and M-1 each consisted of 20 grams unboiled hay with 
5 liters unboiled water. To this was added a small amount of 
seed. With certain exceptions, mentioned elsewhere, the hay 
was kept continuously at the bottom of the infusion. 

Atypical member. Infusion S-1 was prepared by heating 20 
grams of dry hay in an autoclave and adding 5 liters of water 
which had been warmed to 90° C» S-1 is therefore a protozoon- 
free infusion of series C. 

^ No alteiiipl was made subsequently to keep the infusion free from bacteria. 

* Infusions B-41 and B-42 were subjected to a chemical examination so infre- 
quently that the results are omitted from table 3. 



CHEMICAL PROPERTIES OF HAY INFUSIONS 


269 


Bacterial infusiom. Eight infusions were prepared as follows: 
In each of eight cotton plugged flasks, 2.8 grams of hay and 700 cc. 
of water were placed and the mixtures sterilized in an autoclave. 
They were allowed to cool and were then treated in various ways: 
two were kept sterile; four were inoculated with a pure culture of 
B, coli; and two were inoculated with a pure culture of B. subtilis. 

On the foregoing cultures records were obtained for the ^phenol- 
phthalein acidity’ and ^methyl-orange alkalinity.’ In the ideal 
experiment, the temperature should have been maintained con- 
stant throughout the period during which the infusions were under 
observation; or, at least, all infusions should have been subjected 
to the same changes in temperature. Neither of these conditions 
could be conveniently brought about. ^ 

RESULTS 

The data secured in this study may be most readily presented 
by tables and curves. In tables 2, 3, 4, and 5 are recorded the 
results of the ‘phenolphthalein acidity’ and ‘methyl-orange alka- 
linity’ determinations, expressed in cubic centimeters of 0.01 N 
NaOH or 0.01 N HCl per 100 cc. of infusion. Peters has made the 
observation that the acidity becomes greater as the depth of the 
infusion increases and in order to give this quantitative expres- 
sion, titrations were made on samples taken from the bottom of 
the infusion at frequent intervals during its hi.story. These 
rejtults are given in italics immediately above the figures for the 
top, and are expressed as so many cubic centimeters of 0.01 N 
NaOH or 0.01 N HCl per 100 cc. of infusion greater (or less) 
than the titrations for samples taken from the top. The principal 
points of interest, brought out in these tables, are illustrated in 
figs. 1, 2, 3, and 4. In calculating average curves only the ‘typical 
members’ of the three series were included. As a matter of fact, 
as far as the actual titrations are concerned, some of the ‘ atypi- 
cal members’ might have been included, e.g., D-1, E-1 and S-1 

® For a discussion of the influence of temperature on these infusions, cf. Wood- 
niff, loc. cit., p. 218 and also p. 274 of the present paper. ■ 
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TABLE 5 

Methyl Orange Alkalinity 

(Cubic centimeters of O.Oi N HCl per 100 cc. infusion) 


DATS 
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do not differ materially from the typical members’ of their 
respective groups. From the average of series C in addition to 
the ‘atypical member’ S-l^ certain ‘typical members’ C-1, C^3 
and M-1 were also omitted — C-1 because on the fifth day it was 
slightly stirred; C-3 because during the early part of its history 
the hay was at the top; and M-1 because it was stirred at certain 
intervals for a definite purpose, as explained in another place. 

In boiled infusions (series A and B) we can corroborate Peters’^" 
results in regard to the ‘phenolphthalein acidity/ i.e., a rapid 
rise in which a maximum is reached in from two to six days, 
followed by a more gradual decline; the lowest point being reached 
fifteen to twenty days earlier in series B than in series A (fig. 1). 
The curve for series C is somewhat different; a maximum being 
attained much more gradually. Further reference will be made 
to this below. 

^“Peters; Amer. Journ. Physiol., vol 18, p. 330, 1907. 
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Fi^. 1 ' Pluu^olplithalrin iicidity’ for infuHions of sericH A, B, and C; samples 

taken from top of media. Ordinates represent number of cubic centimeters of 
(J.Ol N XaOlI 1 ) 1 ’ r ItX) ee. of infusion. Upper curves: series A, average acidity = 

— " ; maximum acidity = ; minimum acidity = . 

Middle curve: serie.s B, average acidity. Lower curve: series C, average acidity. 
Curves for maximum and minimum acidity of series B and C are not given as the 
variations are not important. 


It would seem that for the ^ phenolphthalein acidity’ at least, 
the inconstant temperature was not an important consideration. 
Infushtns of the entire series A (infusions started at different times 
and therefore experienciiif!; different temperature changes) show 
no greater individual variations in acidity than does the group 
A-1 . . . . A'6 (infusions started on the same day and 

hence subjected to the same changes in temperature). This is 
illustrated in table 2. For this reason, when calculating average 
cur\’es, I have not considered it necessary to exclude infusions 
merely because they were subjected to different temperature 
variations. 

As to the factors underlying the production of acid, I agree with 
the view of Peters^'’ viz., that bacterial fermentation mainly is 
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responsible. That the protozoa play a relatively small part in 
the acid production is shown in infusions D-1, E-1, and S-1, in 
which throughout their history practically no protozoa were 
present, and yet their acidity curves do not differ materially 
from the others of their respective series (tables 2, 3, 4). 

In order further to demonstrate that the bacteria are almost 
entirely responsible for the acid production, hay infusions were 
prepared and inoculated with pure cultures of bacteria as described 
oil page 269. The results for ‘phenolphthaleiii acidity' are 
recorded in table 6 (also fig. 5). It is apparent (especially for 
the B. coli infusions) that the acidity curves do not show any 
striking variations from those obtained from cultures promiscU' 
ously seeded with various forms of protozoa and bacteria. 

TABLE 6 

Phcnol-phthalein nfidihj. Bacterial infusions 
(Cubic centinieters 0.01 X NaOH per 100 cc. infusion) 

* days 



1 0 


3 4 5' 

a \ 7 

8 <J ; 10 11 

12 

li) 28 48 

Sterilc-l 

; 4 ' 

i 4 



4 ' 

7 

6 6 7 

Stprile-2 





' 



Coli'l 

14. 

18; 18 

16 13 

11 

10 

S 

S S 5 

Coli-2 


■ 2li lb 

14' 13' 

10 

9 

7 

7 6 0 

Cnli-3 


: 19- 23 

24 22 

22 

20 

20 

19 17 10 

Coli-4 


20 

21 20 

20 

19 

17 

16 14 7 

SubtiIis-1 

J 4 

12' 10 

9' 7 


^ i 

0 

6 0 6 

Siih(ilis-2 

1 

; 8^ lo! S: 7 

6 

0 i 

6 

6 7 6 


From figs. 2 and 3, it is evident that the maximum difference in 
top and bottom acidity for series A is considerably less than the 
minimum difference for scries C. Fig. 4 illustrates the maximum 
difference in series C. From table 3 it is apparent that in series 
B there is no essential difference between top and bottom acidity. 

The difference between acidity at the top and bottom of the 
infusion is probably to be referred to the unequal bacterial food 
supply in these two regions. In cultures of series B the food 
supply is uniform throughout the media, and hence acidity dif- 
ferences are not apparent. Where, as in infusions of series A , 
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Fig, 2 Infusion A-2 illustrating maximum difference in cultures of » series A 
between ‘phenolphthalein acidity' of top and bottom of infusion. Ordinates 
represent number of cubic centimeters of O.OI N NaOH per 100 cc. of infusion. 


Fig. 3 Infusion C-2, illustrating minimum difference in cultures of series C 
between 'phenolphthalein acidity’ of top and bottom of infusion. Ordinates 
represent number of cubic centimeters of 0.01 N NaOH per 100 cc, of infusion. 
Top ; bottom . 


at the bottom is hay, whose constituents are dissolving con- 
tinuously, differences of this nature are manifest. However, in 
the course of preparation, a considerable portion of material has 
already entered solution, equilibrium is thus quickly reached and 
acidity differences -never very great — soon disappear. The infu- 
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Fig. 4 Infusion 031, illustrating maximu7n (lilTcrenre in rultun‘.s of .serie.s C 
between 'phenolphthalein aeidity’ of top and bottom of infusion. Ordinates 
represent number of eiihie centimeters of 0.01 X XaOIl per 100 ce. of infusion. 
Top ; bottom = - . 

sions of the C series present quite a different condition. Here 
untreated hay is covered with clear water. There is the oppor- 
tunity for the formation of a concentrated solution of hay con- 
stituents at the bottom, \vhich serve for the development of a 
high degree of acidity. During the first few days there is a rela- 
tively concentrated solution at the bottom with a corresponding 
high acidity, while at the top of the infusion both these conditions 
are reversed. As diffusion proceeds, the concentration approaches 
uniformity and hence acidity differences tend to disappear. tJni- 


THB JOL’R.N’AL op EXPERIMENT.Vl, ZOOLOGY, VOL, 12, M). 2 
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Fig. 5 Ikcieria) infusionH, average ‘phenolphthalein acidity.’ Ordinates 
represent number of cubic centimeters of 0.01 N NaOH per 100 cc. of infusion. 
Upper curve, (soli. Lower curve, subtilis. 


form acidity is of course attained when the rate of diffusion of hay 
constituents balances that of their solution. The present study 
contains many data illustrative of the above explanation. 

Peters is of the opinion that the deeper layers of the infusion 
owe their higher acidity to greater concentrations of CO 2 . '‘Ow- 
ing to the slowness of diffusion^ each upper layer of the liquid 
protects the adjacent lower layer from rapid interchange with the 
air and enables the deeper layer to maintain a higher acidity. 
This factor is, I believe, probably only of secondary importance. 
Thq greater acidity in the lower regions of the hay infusion is- 
to be attributed primarily to their greater concentration of acid- 
yielding hay constituents, as explained above. Peters' explana- 
tion would not entirely account for the fact that infusions of the 
B s(‘ries show uniform acidity throughout the cultures, while the 
acidity differences in an infusion of'series C is very great. 

In the early history, at least of the typical members of series 
C, the increase in acidity is not uniform with increase in depth. 
Until tile iiumodiate region of the hay is reached, the acidity may 
be practically uniform. To illustrate this: on the fifth day a 
sample taken from just above the hay in infusion 0 - 2 ^^ titrated 
exactly the sairte as a sample from the top, while the difference 
between the acidity at the top and extreme bottom was 58. On 


“ lov. (‘it., p. m. 


See table 4. 
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^he sixth day a sample taken from just above the hay in infusion 
titrated 20, against 136 an inch below (in the midst of 
the hay), and 10 at the top of the infusion. It is thus clear why 
the tops of typical infusions of series C are so tardy in reaching 
their maximum acidity (fig. 1). 

Infusion M-51^^ on the second day of its history was showing 
an acidity difference of 41 between the top and bottom. It was 
tlien thoroughly stirred after which samples from both top and 
bottom titrated 20, By the next day an acidity difference had 
again developed to the extent of 20, It was again thoroughly 
mixed (both top and bottom then titrating 29), and two days later, 
an acidity difference (to the extent of 9) was once more apparent. 
From here on, however, equilibrium was soon reached. This 
further illustrates the point made that acidity does not increase 
uniformly with the depth. On the second day of this infusion 
the top and bottom titrated 15 and 56 respectively. When thor- 
oughly mixed the infusion gave a uniform titration of 20 instead 
of the average 35. 

In the early history of the typical infusion of series C, the li(iuid 
in the immediate region of the hay is highly colored, while the 
liquid above is almost colorless. The approach to equality in 
acidity can be followed roughly by the gradual diffusion of this 
colored material. 

The observations on acidity differences may be summarized 
as follows: 

1. The greatest acidity is found near the source of supply of 
soluble material upon which the bacteria can act. 

2. The difference between top and bottom acidity depends 
upon the relative concentrations of acid-yielding hay constitu- 
ents in these regions. 

3. When there is uniform concentration, or when diffusioii keep.s 
pace with solution, there is no essential difference between top 
and bottom acidity. 

From table 5 we see that the curve for 'methyl-onange alkalin- 
ity’ follows an irregular course with a general upward tendency, 
as also noted by Peters. The latter’s figures for these determina- 
tions are from three to ten times as great as here recorded. This 
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may possibly be accounted for by the difference in the quality 
of the taj) waters used in the two investigations. For example, 
the tap water employed in our experiments titrated 6 cc. 0.01 
N HC'l i)er 100 cc. of sample, while water from a neighboring 
well titrated 22 cc. per 100 ec. of sample. 

RELATION OF TITUA'rAHLE AOIDITY TO PROTOZOAN SEQUENCE’* 

The organisms make their appearance at about the same time 
in the three types of infusions. The protozoa of the B series run 
their course more rapidly than those of the A and C series, the 
two latter not varying markedly in this respect. These time 
relations are probably in great part dependent upon the food sup- 
ply. The latter is the determining factor for acidity. However, 
the degree of tit rat able acidity existing in an ordinary hay infu- 
sion has no important bearing on the duration and character of 
the cycle taking place, for in the three types of infusions, the 
sequence of the dominant protozoan forms studied was the same, 
although these culture fluids show characteristic differences in 
the degree of acidity. Furthermore, the cycle normally occurring 
in the B scries was not influenced when the acidity was purposely 
increased to two or three times that ordinarily obtained.^ ^ When, 
however, the acidity was raised to seven or eight times that of the 
typical B infusion/* the development of the protozoan fauna 
was greatly retarded. * Decreased acidity, likewise, has no appre- 
ciable influence upon the protozoan cycle: BB-5 had, an almost 
negligible acidity^” throughout its history, yet the sequence of 
organisms did not differ in any important respect from that 
found in the control infusion, BB-6, or other typical infusions of 
this scries.^** 

While certain species of protozoa are particularly abundant 
during the period of high acidity and others during low acidity, 

‘H'f. Woo(iruff, loc. cit. 

This was acc;pinplislio(i by adding dextrose to the infusion, Cf. p- 268 and 
table 3. 

HrouglU about by adding alkali when necessary. Cf. p. 26S and table 3. 

*®The biological examination of infusions BH-1 .... BB-6 was made 
by Hr. WoodrulT Imt not reporterl in lu,s paper. 
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detailed correlations are not possible. It is my opinion from this 
-tudy that even did we know exactly the course of the curves 
iliiistrating mineralization, oxygen consumed, acidity, alkalinity 
and other information of a general character— with such data 
alone nothing but the most superficial correlations could be 
expected. It is not improbable that a partial explanation of the 
sequence of protozoa occurring in hay infusions may be found in 
the influence of certain excretory products of an organism upon 
others of its own or other species. That this is a consideration of 
some importance is brought out in a recent paper by WoodrutTd' 
ill wliich it is shown that the excretory products of paramaecia 
inhibit the reproduction of these organisms. 

SUMMARY 

The acidity of hay infusions is essentially due to bacteria, 
their efficiency in producing acid being governed by the concen- 
tration of the infusion in acid-yielding materials. The protozoa 
play a relatively small part in the production of acid. The 
sequence of protozoa and the course ofthetitratable acidity po8se.ss 
no intimately mutual relation. Either may vary within wide 
limits without appreciably influencing the course of the other. 


\\oodruff: Jour. Exp. Zool.. vol. 10, p. 5.57. 1911. 
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INTRODUCTION 

The existence of internal^ factors affecting the life cycle of Hy- 
datina senta was demonstrated in my earlier experiments (Shull, 
’ll a) in which two or more parthenogenetic lines of rotifers were 
bred under the same external conditions, and yielded different 
proportions of male-producers. Two such lines were crossed, 
and several new lines thus produced. One of these new lines was 
crossed back to one of the parent lines, and another new line 

'■ Contributions from tJie Zoological I^aboratory of the University of IMichigaii, 
No. 138. 

* In a recent suggestive paper, Woltcreck ('ll) has included mo among those 
«-ho hold that the life cycle of liydatina is detei'mined by external agents, not- 
withstanding that a large section of the paper which Woltereck cites (Shull, '11 a) 
was devoted exclusively to internal factors. In the hope of correcting this impres- 
sion of VVoltereck’s which may be shared by others, the present article will bo made 
to include only evidence regarding internal agents, leaving to a future paper the 
further work that has been done or is in progress on external agents. 
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derived from their union. These various lines reacted to the 
same environment by yielding different proportions of male- 
producers. Such differences could only be explained by assum- 
ing that each line possessed an internal nature different from 
that of the others. 

The nature of the internal agent or agents was not discussed in 
connection with the earlier experiments, since what I hoped 
might I > rove a crucial test of their nature, namely, the results of 
inbreeding, was not available because the fertilized eggs obtained 
by inbreeding did not hatch. I have now obtained offspring by 
inbreeding, ami the evidence from this source, together with that 
from th(‘ former crosses, serves at least to eliminate some possible 
conceptions of the intorual agents. The inbreeding experiments 
are dose ri hod and their bearing discussed in the following pages. 
The (piestion whether the internal factor, whatever its nature, 
is constant, or whether it may undergo progressive change, is also 
taken up. And linaily, experiments which seem to determine 
the time at which external agents may affect the cycle are 
described. 

OnSKKVATlONS AND EXrKUIMKNTS 

Decrease in the proportion, of male-producers with long-continued 
parthenogenesis 

From observations incidentally made on several lines of roti- 
fers bred through a considerable number of generations, I gained 
the impression that there was a progressive decrease in the pro- 
portion of male-producers with long-continued parthenogenesis. 
Such a condition, if proven to exist, besides being of considerable 
theoretical interest, would be of importance in judging the results 
of breeding experiments in which two distinct or unrelated lines 
are compared with one another. Inasmuch as a number of my 
experiments involved such a comparison, I have compiled data 
from a numl>er of lines which were reared through a number of 
generations large enough to give results of value. There are 
eight of these lines, each including 40 or more generations, which 
are given in table 1. 
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TABLE 1 

pro-portion of male-producers in eight pnrlhetiogvnedc lines of Hifdatitui 
H-nta in successive generations. The generations are taken (uv hy luv, and the 
proportions are given in per cents. 

tiKNEHATlON* 

: 1-2 3-4 5-fi 7-8 0-in 11-12 13-14 l,i-Ifl 17-lS 1!)-2(1 21-22 23-24 


142.2 49.1 66.2 76.9 64.0 31,8 5.1 47.4 77.3 (11.2 3fi.l,18il 

I 19.1 12.3 28,1 0.0 26.4 62.5 25 4 79.2 20 4 4 4 0,0 32,2 

'60 0 69 5 50 0 48 7 6.8 42 ] 12 2 30 3 33. S 0.0 42.3 36.3 

j.l„o4,. 11,2:27.4 1,7 1.4 27.8 0.5 7.1 7,0 5.0 8,7 45.5 10.3 

[.l„o5 45.2 29.8 47,0 25.4 54.2 53.2 49.4 33,3 37 2 34,8 9.0 48 7 

0 0 4.0 0.0 I, I 10.2 35.4 0.0 0.0 0.0 17 6 1.9 2.9 

j.jmw 14 IS 9 0 0 2 2 1 2 2 0 45 8 2.6 27 1 1.3 9.6 1.9 

31.3 56 1 33 6 15 8 9.2 11.6 0.0 7 S 14.2 18 6 1.0 S.7 


\vcrjige. - 26.3 33.4 28 3 21 3 2,5 0 31 0 18 1 26 0 26 9 18,7 1,8.7 20.0 


f; KNKKATin.'; 

25-26 27-28 29-30 31-32 33-34 35-36 37-3.8 3M0 41-12 i:{-44 45-16 


Ij'iKil . 4.5 0,0 2 5 8.4 6 8 3 4 0,0 9 5 48.5 26,3 66 2 

Liii«*2 17.3 52.3 17.5 14.9 25,3 12.0 4.5 15.3 5 5 0.0 4.6 

L(w 3 34.0 42,8 24.4 23.8 45.5 40 0 32,3 38.9 34.4 50.0 3.4 

Uth‘4 27 9 53.9 43 0 62,6 13 0 16 3 17 6 15 1 3 3 17.0 2.0 

Mrit-5 29.0 19.3 0,0 13.3" 40.8 1.8 4 32 9 4.3 1 16 2 )().') 25.0 

LtneO 11,8 22.4 13,6 5,4 14 2 17.8 0.0 5 0 23 4 8.0 3.4 

L1:k-7... 52.0 10,2 0.0 9.6 6,6 31.5 0 0 0.0: 1.5- 0.0 0.0 

MneS 16 9 10.6 25 0 1.2 34.1 1 7 2 8 7.S 12.1 0.0 O.O 

.U'eragp 24,2 26.4 15.8 17.8 23.3 17.7 10.0 16,8 : 18.1 ^ 14.0 13.2 


In compiling the data, I have combined the generations t wo 
{)y two, partly to save labor in computing percentages, partly 
to smooth out the great fluctuations that often occur from one 
generation to the next. Two rnetliods of handling the data would 
have been practicable. All the male-producers and the female- 
producers, respectively, of corresponding generations in all eight 
lines could be added together, and the percentage of male-pro- 
ducers computed for the whole group. Or the percentages could 
he determined for each line separately, and then an average of 
the eight percentages in emrresponding generations computed. 
The former method would gi\'e to a line producing large families 
much greater weight in deteriuining the end result than to a line 
that produced small families; the latter method makes all the 
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Since my incidental observations had been made on lines produc- 
ing large families, it seemed more conservative to adopt the latter 
method, of computing the percentages in each line separately, 
and taking the mean of the eight percentages. This method has 
the further advantage, as we shall see later, of enabling us to 
analyze the result. 

Most of the lines in table 1 included more than 46 generations. 
In such cases, the first 46 generations are given. In two cases 
the lines included 92 or more generations; these were divided into 
two parts, the first to the 46th generation constituting one lino 
as given in table 1, the 47th to the 92d another line, while the 
remainder were omitted. Thus, lines 1 and 2 are parts of the 
same line, as are also lines 6 and 7. Generations not fully re- 
corded have been omitted, except where they were necessary (as 
they were in one case) to complete the 46 generations. The one 
case of incomplete records can hardly invalidate the results. 

These lines have been, for the most part, recorded in detail in 
my former papers (Shull, ^10, T1 a), or are given in the following 
pages. Lines 1 and 2 are found ^most complete in table 1 of those 
papers, line II in table 3 (right column), line 4 in table 34 (right 
column), line 5 in part in table 37 (middle column), lines 6 and 
7 almost complete in tables 20 and 34 (left column in both), 
and lino 8 in part in tables 2 and 6 of this paper. As the details 
of the families may be had in the places cited, they are not 
repeated here. 

The mean percentages of male-producers in the various pairs of 
generations, given at the bottom of table 1, show great fluctua- 
tions; but the earlier generations have plainly more male-produc- 
ers than the later generations. When they are represented by a 
curve, as in fig. 1, it is obvious at a glance, notwithstanding the 
fluctuations, that there is a progressive decrease in the proportion 
of male-producers from the first generation to the last. 

If the eight lines be examined separately, it is seen that most 
of this decrease in the proportion of male-producers is due to 
three lines (1, 2, and 5), and perhaps a fourth (line 8). Lines 1 
and 2, which are two parts of the same line, are plotted in fig. 2. 
Because we haye here only a single line, the fluctuations are so 
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gnvdi that I have taken the generations in groups of five. Despite 
the enormous differenees among the groups of five generations, 
there is seen to be a general diminution in the proportion of male- 
producers through the series. In like manner, line 5i (fig. 3) 
shows such a decrease in a most unmistakable manner. 

The remaining five lines, including line 8 which would show a 
considerable decrease in the early generations, are combined and 
plotted in fig. 4. Here it would perhaps not be justifiable to 
assume a decrease in the proportion of male-producers in the 
lijies as a whole. A possible explanation of these differences 
between different lines, and the importance of the phenomenon 
of decrease in the i)roportion of male-producers where it occurs, 
are discussed elsewhere. 

Decrease in size of family with long-continued parthenogenesis 

It became apparent in several lines of rotifers that the families 
became gradually smaller, and that it was increasingly difficult 
to maintain the animals in a healthy and vigorous condition. 
To tletermine whether there were any possible connection between 
the diminution in tlie size of family (reduction of vigor) and the 
decrease in the number of male-producers, I have plotted the size 
of family in those lines that showed the decrease in the propor- 
tion of male-producers. 

For the sake of comparison, the generations are again taken in 
groups of five. Fig. 5 represents lines 1 and 2 of table 1, and may 
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be compared with fig. 2 , which shows the proportion of male- 
producers for the same lines. Fig. 6 represents line 5 of table 1, 
and is to be compared with fig. 3. Both curves show decrease 
ill size of family, which is especially marked in fig. 6. It does not 
follow, however, that there is any relation between the two phe- 
nomena, namely, the decrease in the size of family and the 
decrease in the proportion of male-producers with long-continued 
parthenogenesis. 

To discover whether the great fluctuations in the proportion of 
male-producers has any relation to size of family, several lines 
that showed the greatest fluctuations have been examined in 
detail. While in some cases the families, or groups of families, 
showing a great increase in the proportion of male-producers 
over the preceding generations also showed a great increase in 
the size of the family, this was not true in a number of other cases. 
One need not conclude from this that there is no relation between 
size of family (vigor of line) and proportion of male-producers. 
There arc many accidents which might happen to a female whose 
family includes many male-producers. I have known a number 
of females to die as a result of accidentally (?) starting to devour 
a large Paramecium or a fiber in the water. The small families 
produced by such females may have included mostly male- 
producers, so th^t a study of individual families can hardly be 
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/^Kpected to show a correspondence between ^ vigor’ and the pro- 
portion of male-producers. 


Effect of inbreeding on the proportion of inale-producera 

In the second of these studies (Shull, ’ll a) I described experi- 
ments in which two distinct lines of rotifers, yielding different 
proportions of male-producers, were crossed, the zygotes giving 
rise to lines in some crosses yielding more male-producers than 
either parent line, in other crosses a proportion of niale-])roducers 
intermediate between those of the parent lines. In order to 
explain these phenomena, an attempt was made to inbreed the 
same lines that were used in the earlier crossing experiments. 
Females were paired with males of the same lino, and a large 
number of fertilized eggs was secured. These eggs, however, 
did not hatch before it was necessary to discontinue the experi- 
ments, I have now, however, in other lines, succeeded in obtain- 
ing; viable offspring from females paired with their own nephews 
or cousins, and give the results in the following experiments.- 

Experiment 1. Inbreeding, Some winter eggs were collected 
in the spring and kept in an ice-chest or in cold running water 
until September. The eggs were then brought to room tempera- 
ture and began to hatch in five days. From one of the females 
thus obtained was reared the line of rotifers used in this and the 
following inbreeding experiments. 

Between October 7 and October 20, many females of the parthe- 
nogenctic line just mentioned were paired with males of the .same 
line. Of 1099 eggs ob tinned, one hatched October 22, and from 
her another parthenogenctic line was bred. The number of male- 
and female-producers in this inbred line is compared, in table 2, 
with the corresponding data from that part of the original line 
which was reared at the same time. 

It appears from the table that the inbred line yielded 16,7 per 
cent of male-producers, the original line only 10.6 per cent. In 
?uch an experiment, howeter, the original line is necessarily 
fuither removed from the fertilized egg than is the inbred line. 
Ue have learned above that there may be a progressive decrease 
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tabu: 2 

Hhowimj the number nf ninle- and female-producera in two lines of Hydalina senta 
one line being the resull of inbreeding in the other line, that is, being derived from 
the offspring of a male and female both from the other line. Male-’producers are 


designated 

(f 9 , ftmale-productr.'i 9 9 • 





OUKjfN'.M, I.IN'E 



INBRED LINE 


Dale (it first 

XuinlxT of tf 9 

Numixir of ? 9 

Dale of first 

Number of cf 9 Numbet of 

yon UK 



young 



Oetober 



October 



21 

1 

8 

24 

0 

28 

20 

4 

30 

25 

10 ' 

36 

28 

0 

28 

27 

2 

21 

2<) 

0 

48 

29 

2 

17 

01 

5 

40 

30 

2 

43 

November 



November 



2 

0 

19 

1 

3 

44 

4 

1 

15 

3 

7 ' 

38 

0 

7 

33 

5 

2 

45 

H 

8 

38 

6 

2 

44 

10 

9 

30 

8 

0 

26 

12 

0 

22 

10 

14 

36 

14 

1 

38 

12 

13 

9 

10 

2 

46 

14 

6 

37 

IS 

0 

27 

16 

3 

30 

20 

8 

IS 

IS 

10 

9 

22 

1 ^ 

31 

20 

0 

23 

25 


39 

22 

1 

11 

20 

! 2 

28 

24 

4 

10 

2S 

5 

23 

26 

1 1 

7 

:io 

4 

4 

28 

9 1 

25 

Decent her 

, 


30 

0 1 

41 

2 

0 

27 

December 

1 


4 

; 

40 

2 

2 

33 

7 

! 3 

23 

4 , 

1 i 

1 

9 

11 

4 

6 

20 1 

20 

12 

1 

22 

9 

u ! 

' 10 

13 

0 

5 


17 ' 

2 


0 

29* 

11 

2 

i 13 

15 

0 

15* 

13 

0 

17 




15 

3 

IV 

Total 

88 

730 


147 

732 

Por fcut of 







0^9 10.0 10,7 


Ileniuiiider uf not recorded. 
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in the proportion of male-producers, such that a comparison of 
two lines may show fewer male-producers in the older lin<\ 
although the two lines would have been equal had each been taken 
at the same number of generations after the fertilized egg. An 
application of this discovery is found in the present experiment. 
The original line in this experiment is line 8 of table 1. It will 
be seen in that table that the early generations of the line had a 
larger number of male-producers”* than the subsequent genera- 
tions. The original line passed through ten generations before 
the inbred line started. If these ten generations, comprising 
147 male-producers and 315 female-producers, be added to the 

27 generations given in table 2, then the total for the original line 
shows 18.2 per cent of male-producers, or a higher percentage 
than that of the inbred line. We may not be justified iji including 
the first ten generations, as I have just done, but in view of the 
decrease in the proportion of male-producers in the latei' genera- 
tions, it seems to me unsafe to ignore the early generations. 

Incidentally it may be mentioned that the average size of family 
in the entire original line, exclusive of the last two families which 
were not fully recorded, was 34.5 as compared with 30.7 in tlie 
inbred line. 

Experiment 2, Twice inbreeding. Females of tlie inbred line 
of the preceding experiment were paired with males of the same 
line. Of 144 eggs obtained, one hatched Noveml)cr 26, and 
became the parent of the line in table 3 designated ‘twice inbred.^ 
This line is compared with those parts of its parent (also inbred) 
line and the original (‘grandparentar) line that were reared at the 
same time. 

Here the difference between the two inbred lines is not great, 
while the percentage of male-producers in the original line is con- 
siderably less. Since all three of the lines are at different ‘ages,' 
that is, a different number of parthenogonotic generations has 
been passed through in each line since the fertilized egg from which 
the line was derived, it is of interest to note the proportion of 
inalc-producers in the whole lines, and not merely those parts 
that were bred simultaneously. In the original line, including 

28 generations reared previously to the beginning of this experi- 
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TABI^. 3 

Showing nnmher of male- and female-producers in three lines of Hydatina senta, the 
line iji the second column being inbred from that in the first column, and the line in 
the third columri from that iri the second {see text) 


ORIGINAL UNE INBHED LINE TWICE INBRED LINE 



o 

0. 


O 

o 

i 

o 




O 



> 

! 


» 

Date of firet 

*0 

*0 

Date of first 



Date of first | 

O 

o 

young 



young 


3 

young 

3 



i 



a 




S 





Tr. 


1 

X 

X 

iVovemher 



Noveynber 


j; 

November , 



28 


23 

28 

9 

25 ! 

28 • 

6 

15 

30 

4 

4 

30 

0 

41 I 

30 1 

9 

20 

Deccfithcf 



December 


!■ 

December ' 



2 

0 

27 ■ 

2 

2 

33 i 

2 

7 

30 

4 

3 

10 

4 

1 1 

43 i 

4 1 

2 

18 

7 

3 

23 

6 

20 

20 

6 

2 1 

! 31 

0 

11 

4 

9 

1 11 

10 i 

j 

8 ; 

. 26 

12 

1 

22 : 


17 

2 i 

0 i 

1 i 

23 

13 

0 

5 : 

11 

2 

13 ; 

11 • 

5 ' 

i 8 


0 

29*' 

13 

0 

17 ; 

13 

1 . 

! 16 

l.j 

0 

15* 

15 

3 . 

14* 

15 1 

0 

3 





i 


- j 

9 

3^ 

Total 

27 

192 


i 

i 65 

1 

218 : 

1 

50 

202 


Per cent of a" 9 12.3 22.9 ^ 10,8 

* Remainder of family not recorded. 


ment, thore were 18.2 per cent of male-producers; and in the 
inbred line, including 19 earlier generations, 16.7 per cent. In 
the Hwicc inbred’ line, which is given in fujl in table 3, there were 
19.8 per cent of male-producers. 

It may be pointed out incidentally that in the original line as 
a whole, not including the last two generations which were incom- 
pletely recorded, the average size of family was 34.5, in the inbred 
line as a whole 30.7, and in the Hwice inbred’ line 24.0. This 
seems to indicate, a loss of vigor, perhaps due to inbreeding. 

Experimeni 3, Inbreeding in another line. In this experiment 
the comparative ages of the inbred line and the line from which it 
was derived are not known. The line designated A in table 
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TABLE 4 

Shaming number of male- and female-producen in Uro lines of llydalina senta one 
line being derived from the other by inbreeding, as in table 2 


Date of first 
young 

i 

j Number of o'? 

Number of 9 ? , 

Date of first 
young 

Number of 

o' 9 Number of 

June 



October 



17 

; 7 

14 

12 

35 

16 

19 

11 

17 

14 

23 

25 

21 

21 

20 

22 

17 

0 

33 

22 

25 

11 

18 

16 

23 

25 

24 

20 

1 

11 

25 

19 

9 


30 

22 

26 

21 

14 

22 

43 

8 

27 

29 

19 

27 

29 

0 

23 

16 

14 

Total 

157 

130 


188 

149 

cr ?ent of 






■f9 

54 

.7 



55.7 


4 was derived from a female taken from a culture in the labora- 
tory about June 1. This culture originated from a collection of 
rotifers taken at Grantwood, New Jersey, in the latter part of 
March, 1911, and transplanted to manure cultures in Ann Arbor 
shortly afterwards. These manure cultures were maintained 
without observation until June, when the female that became the 
parent of line A was isolated. 


lemales of line A were paired with males of the same line about 
June 25 to June 27, and fertilized eggs obtained. These eggs 
were allowed to dry in the dishes and to remain dry until the last 
of August, when they were again covered with water. Females 
began to hatch from them in a w^eek, and from one of them the 
'inbred line’ of table 4 was started. Completed records of this 
line were not kept until October 12, after which date eight com- 
I)lcte generations were recorded. 

The two lines in table 4 may not be of the same age; either one 
may be the older. Furthermore, since they were not bred simul- 
taneously, the conditions may not have been the same. How- 
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ever, as the food cultures were frequently changed, each of these 
recorded lines must have been fed from three or more cultures. 
The averages of these three or more cultures should, I believe, be 
nearly equal. The evidence, though not complete, is presented 
for what it is worth. Line A included 54.7 per cent of male- 
producers, the inbred line 55.7 per cent. 

Incidentally it may be pointed out that the average size of 
family in line A is 35.8, in the inbred line 37.4. 

On the whole it seems that inbreeding does not markedly alter 
the proportion of maic-p reducers, though perhaps had the inbred 
lines been bred as long as were the original lines, the decrease in 
the proportion of male-producers which sometimes accompanies 
long-continued parthenogenesis might have shown a slight decrease 
in that proportion as a result of inbreeding. 

EJfect of long duration of the fertilized egg stage on the proportion of 
rnale-producers 

Duiution of the Fertilized Egg Stage. Whereas parthe- 
iiogenetic eggs hatch pretty uniformly in twelve to fourteen hours 
after laying, great variability has been found in the length of time 
which fertilized eggs from the same source, or from different 
souifcGs, spend in the egg stage. Thus, in the cross between New 
York females and Baltimore males described in an earlier paper 
(Shull, T1 a), 408 eggs were obtained from 38 matings made from 
May 14 to May 17, inclusive. On May 24, three of these eggs 
hatched; and each day thereafter, with four exceptions, up to 
June 10, one or more eggs hatched. In the seventeen days from 
May 24 to June 10, 53 eggs, laid by 19 out of the 38 females, 
hatched. The remaining 355 eggs were kept two months longer, 
to August 10, but no more of them hatched, and the lot was then 
discarded. In no case did all the eggs laid by one female hatch, 
the highest record being six out of seven; while 19 of the females 
laid eggs none of which hatched within twelve weeks. It is prob- 
able that many of these would never have hatched. 

About the same time, May 12 to May 15, 25 females of the Bal- 
timore line were inbred, that is, paired with males of the same line. 
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They laid 298 eggs, none of which hatched before August 10, at 
which time they were discarded. A portion of this lot of eggs was 
kept cool (11° C.) for over seven weeks and then brought to room 
temperature; and another portion was frozen for thirty-three 
hours and then gradually thawed out. But none of these eggs 
hatched within twelve weeks, after which time observations 
ceased. 

The Fi females mentioned in the same paper (op. cat.) were 
inbred, but of 146 eggs laid, none hatched in seven weeks. Like- 
wise, in the cross between Fi and the Baltimore parent line, 
which were related lines, of 179 eggs none hatched in seven weeks. 
In the cross between F^ and the New York parent line (also re- 
lated lines), of 814 eggs, two hatched in about a week, while 
no more hatched in the next seven weeks. 

In the above cases there is great variability in the duration of 
the egg stage in eggs coming from the same source; and there is 
considerable difference between eggs coming from one source 
and those from another source. Thus, crosses between unrelated 
line.s yielded the greatest percentage of viable eggs; crosses 
between related lines yielded few or no viable eggs, while'inbreed- 
ing failed to produce eggs that would hatch at all. 

Since that time I have obtained numerous viable 'inbred' 
^^nd crosses that produced a much higher percentage of 
liable eggs; but in none of these cases were complete records 
kept, hence comparative figures are not available. 

It has already been demonstrated (Shull, Tl a) that fertilized 
eggs from different sources may yield parthenogenetic lines 
including different proportions of male-producers. The great 
\ariability in the duration of the egg stage in eggs from the same 
source, described above, suggested that this variability might 
be related to the proportion of male-producers in the pai’theno- 
geiietic lines derived from those eggs; that is, that parthenogenetic 
nies derived from eggs that hatched quickly might include more 
or fewer male-producers than lines derived from late-hatching 
oggs. The following experiments were performed to test thispossi- 
bility. The eggs used are the 'inbred' eggs obtained by pairing 
males and females of the same line (the 'original line' in Experi- 
ment 1). 
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Experiment S. A fertilized egg which hatched in not less than 
7 nor more than 14 days became the parent of the line in the first 
column of table 5; while the second column represents the line 
obtained from an egg that hatched in about four weeks. 

The individual from the early-hatched egg yielded a line with 
22.3 per cent of male-produccrS; the late-hatched only 15.4 per 
cent, notwithstanding that the ^early-hatched' line is the older 
lino by two or three weeks and might therefore be expected to 
have decreased somewhat in the proportion of male-producers. 

TABLE 5 

Skoiring number of male- and female-producers in two lines of Hydaiina senta, one 
derived from a fertilized egg that hatched in two weeks or less after laying, the other 
from an egg that kalehed in four weeks 

E,\fiLY HATtH LATE HATCH 


Date of first 

VuinixT of cr9 N'umbcr of 9 9 

Dute of first 

Number of cfQ 

Number of $ 9 

young 



young 


^■<lvember 



November 


■ 

22 i 

I 

11 

22 

2 

u 

24 

4 

10 

24 

4 

17 

20 ; 

1 

7 

26 

4 

28 

28 : 

ft 

25 

28 

6 

37 

30 1 

U 

41 

30 

1 

24 

Deccnd)er j 



December 



2 j 

2 

33 

2 

1 

18 

4 1 

1 

43 

4 

1 

22 

0 i 

20 

20 I 

5 

7 

27 

0 ’ 

\ 

n 

10 

8 

1 i 

40 

1 

17 

2 

10 

11 

0 


2 

13 


8 ! 

' 25 

13 ; 

0 

17 

15 

1 

8* 

lo 1 

3 

14* 




'total 

71 

246 


47 

257 

Per cent t)f 






d^9 

22.3 



15,4 

* Remainder of family not 

recorded. 






LIFE CYCLE OF HIDATINA SENTA 


299 


This possible decrease can hardly be ni-ged in this case, hc^wever, 
as a reason for assuming that the effect of late hatching is even 
greater than table 5 shows it to be. For the Varly-hatched’ 
line is here taken at a period of many niale-jiroducers. Ih’ior 
to the opening of this experiment, the early hatched line included 
16 generations. If these 16 generations be included with the 
12 generations in tabic 5, the total for the early liatched line is 
147 male-producers and 732 female-producers, or 10.7 per cent of 
male-producers. This is not greatly in excess of the 16.4 per cent 
in the late hatched line. 

It may be pointed out incidentally that the average size of 
family in the late hatched line exclusive of the last family which 
was not fully recorded, is 26.8. In the early hatched line, if we 
count only the generations given in table 5, the average size of 
family is 25; but if the 16 earlier generations be included, the 
average size of family is 30.7. There is perhaps here a decrease 
of vigor associated with duration of the egg stage. 

Experiment 4 , Of the same lot of fertilized eggs as that used 
in the preceding experiment, one hatched after not less than 75 
days nor more than 91 days in the egg stage, which is a much 
longer time than most of the other eggs of the same lot rc(iuired. 
A line of 12 generations was bred from this individual, and is 
given in the right column of table 6. No line derived from an 
early hatching egg of this same lot was in existence at that time 
to compare with the late hatching line. The ‘original line’ (of 
Experiment 1) from which the lot of inbred eggs was obtained 
was still being reared, and that part of it which occurred simul- 
taneously with the late hatched line in table 6 is given for com- 
parison; but the original line is so much older than the late hatched 
line that we should expect it to have fewer male-producers even 
if it were at first equal to the late hatching line in the proportion 
of male-producers. This expectation is justified by the percent- 
ages in the table, w^herc the original line gives only 9.4 per cent 
of male-producers, whereas the entire original line, including 39 
generations previous to the seven here given, gave 17.3 per cent 
of male-producers. This is only a little le.ss than the percentage 
obtained from the late hatching egg. It should also be recalled 
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TABLE 6 

Shryayimj llui number of male- and female-producers in two lines of ffydalina senta, 
the one heiny reared from a resting egg that remained unkatch^d seventy-five to 
7 iinely-one days, the resting egg having been obtained from inbred female ofih^ other 
line in this table. 


OttlOINAL LIKE 

of first ^ of 9 9 

youD£ 

January 

12 
U 

18 

21 
80 

February 

1 

Total 

ITt I'cnt of 
o"9 


LATE HATCHING INBRED 


Dute of first 

Number of d" 9 

Number of 

youug 



January 

9 

2 

14 

11 

6 

21 

13 

3 

;o 


0 

8 

lo 

0 

21 

17 , 

3 

8 


1 

10 

19 

7 

24 

21 

1 

35 

23 

2 

24 

25 1 

0 

21 

26 

12 

22 

28- 

15 

4 


2 

! 25 

February 

! 


1 

1 4 

14 


i 58 

261 


18.1 


1 7 

2 1C 

1 11 

1 6 

2 2 

0 7 

0 2 

1 ^ 8 


0 2 
0 1 0 

0 i 2 

0 j 2 


8 ; 77 


9.4 


that the three other inbred lines recorded in the preceding experi- 
ments yielded fO.8 per cent, 16.7 per cent, and 15.4 per cent of 
male-producers respectively. 

These percentages are so nearly equal that, on the whole, it 
seems ])retty certain that there is no connection between the length 
of time spent in the resting egg, and the proportion of male-pro- 
ducers. . . . 1 

It may be pointed out incidentally that in the entire onginal 

line, including 38 generations previous to the seven recorded in 
table 6, but excluding those not recorded in full, the average size 
of family was 26.3, while the average size of family in the late 
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liatched line here shown is only 21.2. How much of this decreased 
vigor may be correlated with long duration of the resting egg 
>tagej and how much with inbreeding, can not be ascertained 
from the experiment. 

Period at which the nature of a female is determined 

At what time in the life of an individual is it determined 
wdiethcr she will be a male- or a female-producer? Is it determined 
at a definite period, or is it a gradual process covering a long 
intei'val? These questions were answered variously by the early 
students of Hydatina. Nussbaum (’97) believed that a young 
female if treated properly could be made to produce either males 
or females, at the will of the experimenter. A young female 
that wms starved, became according to his view, a male-producer, 
Maupas (’91), on the other hand, concluded that the nature of 
tlie female was determined in the egg from which she hatched, 
a conclusion which he expressed by saying that the sex of the olY- 
spring is determined in the body of the grandmother. Though 
l^'oltereck (Tl) apparently accepts T^Iaupas’s view, partly because 
a female produces only males or only females, partly peihaps 
because of some provisional statements of my own (Shull, TO), 
statements which were confirmed in a paper subsequent to Wol- 
tereck’s (Shull, Tl b), hitherto there has been no satisfactory 
proof of either proposition. 

It has now been found possible to determine the time, or at 
least one time, at which the character of a female is decided, in a 
manner that seems to me conclusive. Both fertilized eggs and 
parthenogenetic eggs afford evidence on this point, 

p]vrDENCE FROM FERTILIZED Eggs. It has loiig been known 
that fertilized eggs of Hydatina produce only females. I find 
no statement, however, as to whether these females arc always 
female-producers, or whether they may be of both kinds. They 
could not be all male-producers, or the species 'would have per- 
ished long ago. 

In my breeding experiments I have reared to. maturity 469 
females from resting eggs, and every one has been a female-pro- 
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ducor. They were reared under the same conditions as other par- 
thenogenetically produced females, many of which were male- 
producers. It is safe to conclude, therefore, that at the moment 
of fertilization it is determined not only that the immediate 
offsi)ring shall be female, but that the individuals of the next 
generation shall be females. Whether this may be spoken of as 
sex determination a whole generation in advance, or not, is not 
(;loar; for no matter whether a male egg develops parthenogeneti- 
cally and produces a male, or is fertilized and yields a female, the 
next generation in the direct line, if there be any, is necessarily 
always female. Aside, however, from the use of the word ‘sex- 
determination’ there can be no doubt that in this case the nature 
of the females of the first generation is determined in the fertilized 
eggs from which they hatch, and before those eggs arc laid. There 
is no a priori reason, therefore, for supposing that the nature of 
other females may not also be determined in the parthenogenetic 
eggs from which they hatch, and before those eggs are laid. 

Evidence from Parthenogenetic Eggs. The discovery 
that rotifers bred in a fairly strong solution of horse manure may 
be made to yield only female-producers, as pointed out in my 
earlier article (Shull, TO), was employed in the following experi- 
ments. 

PJxperiment 5. A line of rotifers was reared in spring water. 
When the first members of a new generation were isolated, two 
were reserved for further breeding. One of these, together with 
all her offspring, was kept in spring water to continue the line. 
The other was reared to maturity in spring water, being examined 
every twelve hours, at 9 a.m. and 9 p.m., daily. As soon as she 
was observed to have laid eggs, she was transferred to a new dish 
of spring water, in which she remained during the next twelve 
hours ; while the water on the eggs already laid was removed, and 
replaced with filtered, undiluted manure solution. Every twelve 
hours thereafter the female was transferred to fresh spring water, 
while the eggs laid in the preceding twelve-hour period were placed 
in manure solution. The eggs were allowed to hatch in manure 
solution and the young were reared to maturity in the same solu- 
tion. Accordingly, every egg was laid in spring water, and (with 
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the exception of three eggs that hatched in less tlian tweh'e hoiu’s) 
was hatched, and the young reared to maturity in manure solu- 
tion. That the manure solution used was strong enough to ex- 
clude male-producers was shown by rearing five successive gener- 
ations in it. These five generations comprised 185 individuals, 
all female-producers, while the sister line in spring watei*, as shown 
in table 7, included many male-producers. 

TABLE ' 

Shoicing number of ?nah~ and female-prod urern^ in (no lieries of gcncrdiion:^ bred 
from sister individuals of Hijdatina scnia, in one of irhich (he eggs leere laid and (he 
young reared to maturity i7i spring u'afer^ in (be o(her the eggs nrre laitl in spring 
water, but hatched and the young reared to maturity in manure sidution. 


HATCHED A?iu BE.AHED ly SPlUNti WATER HATCHED AND REARED IN MANEHK SOl.fTIOX ■ 


Date of first 

' Xumber of 9 

Number of 9 9 

Date of first 

Xuinlierof ^"9 

N'limlier of 

voiinK 





February 

8 

25 

15 

February 

S 

9 

38 

0 


30 

9 

38 

9 

11 

8 

31 

11 

13 


12 

18 

31 

12 


33 

Total 

70 

107 


07 

l()l> 


Per cent of 

(f9 39,5 38.7 

If the nature of a female is not determined before the twelfth 
hour of the egg stage, the treatment just described should exclude 
male-producers from the one line. If the nature of a female is 
determined at some time between the first and twelfth hours of 
the egg stage, the treatment described should cause a reduction 
in the proportion of male-producers in the one line; and the later 
the determination occurs, the greater should be that reduction. 

From table 7 it appears that the young rotifei’s reared, frointhe 
egg stage on, in manure solution, comprise approximately as many 
male-producers as those reared in spring water. The fact that 
there is little or no reduction in the proportion of male- producers 
in manure solution seems to indicate that the nature of the female 
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is determined at, or prior to, an early egg stage; or if this determi- 
nation is a gradual process, it has proceeded so far before the early 
egg stages that manure solution is unable to reverse it. 

Experiment 6. In this experiment, a line was reared in spring 
water, and as in the preceding experiment two sister females were 
reserved from each generation for the purpose of breeding. One 
female was kept in spring water all her life, and all her offspring 
were reared to maturity in spring water. The other female was 
kept in s[)ring water until she had laid 13 to 18 eggs, and was 
then transferred to filtered, undiluted manure solution. She was 
transferred to fresh manure solution every twelve hours thereafter, 
to prevent accumulation of bacteria, so that all of her eggs after 
the thirteenth to eighteenth were laid in manure solution. All 
the eggs laid in spring water were hatched, and the young reared 
to. maturity, in spring water. All the eggs laid in manure solu- 
tion were hatched, and the young reared to maturity, in manure 
solution. 

That the manure solution used in this experiment was strong 
enough to exclude male-producers was shown by rearing in it 
five succes.sive generations of all female-producers, as described 
in the preceding experiment. Further proof of its effectiveness 
is found in the additional control presently to be described. 

The details of this part of the experiment are given in table 8, 
where the rotifers of the early part of the family, that were 
reared in spring water, are given to the left of the vertical line, 
those reared in manure solution to the right of that line. The 
offspring are recorded in the order in which they hatched, this 
order being determined fairly accurately, I believe, by the rela- 
tive sizes of the young rotifers when they were isolated. Only 
one male-producer hatched from an egg laid in manure solution, 
and that came from the very first egg laid after the transfer of the 
female to the manure solution. 

The control of this experiment, that is, those families bred 
entirely in spring water, is given in table 9. Each family was 
reared from a sister of the parent of the corresponding family 
in table 8. These control families are divided by the vertical 
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TABLE 8 

Showing the number, and order of production, of male- and female- producers of 
Hydatina senta, in seven families, the early eggs of which were laid and hatched, 
and the young reared to maturity, in spring xcaier, the later eggs laid and hatched, 
and the young reared in manure solution. Male-producers arc designated by o'. 
female-producers by 9. 


LAID, HATCHED, AND REAHED IN SPRING i L.UD, HATCHED. AND REARED IN MANURE 


1 999999999999999^99999 

2 i 999d’999(f999999 o'9'd’999999999999 9 9999 

99999999999999 

3 , 9 9 9d" 9 9 9 9 9 9 9 9 9 9 9 9;9 9 9 9 9 9 9 9 9 9 9 9 9 

4 ;cr9999999cf9cr9999999i9999999999 

5 : 999999cro"99999:99999999999999 9 999 

: 99999999999999999 

6 ; 9 9 cTcTd’ 96^9999999:9 

7 ; 99999crcf99999cfo'999999999999999Q99 

; 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 


TABLE 9 

Showing the number, and order of production, of male- and female-producers of Hydni- 
ina senta, in seven families, all of which were reared to maluriiiiin spring wafer. 
The parents are sisters of the parents in table 8. The vertical line dirides each 
family at the point where, in the correspondvig family in table S, tbefcynale. was fraus- 
ferred to manure solutioji. Male-producers are designated by o"'. female-pro- 
ducers by $ . 


1 9 9 9d^9cT&&(fd'<Td'v^dd'ao^d'G^d'9diycSS9& 

9999999 

2 9999999999 9 cT c/V cT 6" 6" oV oV o" cj^ o’ d V a' 9 9 9 9 9 

999999999999 99 

3 9999999996^999999999999 cf6'crd"d’c^9o^9999 

9 9 9 9 9 

4 90^999999999-^6^99999 99999999999999 

9d'd'<f<fd’-(TdG'd-&(f9 
9 9 6^96^9 9 9 d'-dddo^-ddddd'ddo^dded 
*j cf 9 9 9 9 9 9 9 9 9 ^9 9 9^6'6' 9 9 9 

7 9 9 9 9 9cro" 9 9 9 9 9 o' o^'9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 

99999999999999999 



306 


A. FRANKLIN SHULL 


line at the point where, in the corresponding family in table 8, 
the female was transferred to manure solution. 

The two tables (8 and 9) together show in an unmistakable 
manner that male-producers have been quickly excluded from the 
latter part of the families in table 8 by transferring the parents 
to manure solution. Only one of the young produced in the man- 
ure solution was a male-producer, and that one hatched from the 
very first egg laid after the transfer. This one case is important 
as indicating that the nature of a female is determined prior to 
the laying of the egg from which she hatches; or if that determina- 
tion is a gradual process, it has proceeded so far prior to the lay- 
ing of the egg that manure solution is unable to reverse it. 

Experimeiit 7. In this experiment a line was bred in manure 
solution. From each generation two sisters were reserved for 
breeding. One of these females was kept throughout life in 
manure solution, and all her offspring were reared to maturity 
in the same solution. The line thus reared consisted of 121 
individuals, all female-producers, showing that the manure solu- 
tion was strong enough to exclude male-producers from the fami- 
lies then being reared. 

The other female, of the two reserved for breeding, was kept 
ill manure solution until she had laid from 1 to 16 eggs, and was 
then transferred to spring water, where she produced the rest of 
her family. The eggs laid in manure solution were hatched, and 
the young reared to maturity, in manure solution. The eggs 
laid in spring water were hatched, and the young reared to matur- 
ity, in spring water. The details of this experiment are given in 
table 10. The vertical line divides each family at the point where 
the parent was transferred to spring water. 

Many of the females hatched from eggs laid in spring water 
were male-producers, notwithstanding that their parents had 
previously been in manure solution strong enough to exclude male- 
producers. This indicates that the nature of a female is not 
determined in the very early (oogonial) stages of the egg from 
which she hatches. Of particular interest in this connection is 
the second family of table 10, from which it appears that the 
very first egg laid after the mother was transferred to spring water 
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vielded a male-producer. It is quite possible that an error was 
made in determining the relative ages of these first individuals, 
for, as stated above, the relative ages of the young rotifers iso- 
lated at one time was determined from their relative sizes. When 
the oldest rotifers were much alike it was sometimes difficult to 
determine relative ages. But in any case, I do not think it is 
possible that I have misplaced this individual by more than one 
step in order of age. That is, the first male-producer in the sec- 
ond family of table 10 can hardly have been later than the second 
young produced after the mother was transferred to spring water. 

TABLE 10 

ShuU'ifig number, and order of production, of male- and fenwle-produccrs in seven 
families of Hydaiina seyila, in which the early eggs were, laid and hatched, and the 
young reared to 7naturity, in manure solution, the later eggs laid and hatched, 
and (he young reared ta Juaturitij, in spring water 

I,A1D, HATCHED, AND ilEAHKH IN SPHINO 
WATKK 


1 999d'9?d'd’d"99999a"9o"9cf 

I 9 9 9(i’9 9 9 

2 99999999999c^99cr9d'9cfo"9999999d"9 

9999999 

:i 999999999999999999999 

i 99999999999999999999999 

5 99 9 999999999999999 o^c^9cr9999o"o" 99 

6 999999999999999999999999999999999 0^ 

I 9999999999 O'' 9999 

7 999999999999999 1 999999999999999 9 

I cf cTo" 9 cv 9 d 9 o"n' dd 9 did 9 

The average number of eggs laid by these females on the days 
when they were transferred to spring water was 14.4 per day. 
That is, an interval of 1,66 hours elapsed between the laying of 
two successive eggs. Since the first male-producer in the second 
family in table 10 was not later than the second one produced 
after its mother was transferred to spring water, the nature of 
this female was not determined until within 2 X 1.66 hours, or 
3.32 hours, before laying. 


LAID, HATCHED AND REARED IN MAKL'RE 
aOMTION 
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Expohmonts 6 and 7 together indicate that the nature of 
female fwith respect to the kind of offspring she will produce 
is dederinined befcjre the egg from which she hatches is laid, but 
not until within several hours of the time when the egg is laid. 
Or, if this determination is a gradual process, it has proceeded 
so far bofoi'e the egg is laid that manure solution can not reverse 
it, but has not proceeded so far until within several hours of lav- 
ing, but that manure solution can reverse it. Microscopic exainU 
nation of the living animals, which arc so transparent that the 
eggs and odgonia may readily be seen, shows that the last several 
hours of the egg stage, witliin the parent’s body, includes the 
entire growth period. 

DISCUSSION 

The decrease in the proportion of male-producers with long- 
continued parthenogenesis, which was shown to occur in some 
parthcnogenetic lines of Hydatina, is of interest from several 
points of view. First, may not this decrease account for part of 
the differences observed between parthenogenetic lines in cases 
wh(^re the ages of the lines are not known? If one line, started 
immediately from a fertilized egg, be compared with another 
removed by a hundred generations from the fertilized egg, the 
latter line might be expected to show fewer male-producers, 
even if in their early generations both lines had been equal. 

If differences between parthenogenetic lines may thus be sec- 
ondarily produced, how does this phenomenon affect the results 
of crossing reported in my earlier paper (Shull, ’ll a)? That 
depends on the relative ages of the lines. The Baltimore line 
was started from a female collected in March. The winters 
are suffudently rigorous in Baltimore, I think, to prevent continued 
reproduction during that season. A female collected in spring, 
therefore, must descend from a fertilized egg that hatched prob- 
ably not earlier than February of the same year. The Balti- 
more line can hardly have been more than a month or two old 
when I obtained it. Regarding the age of the New York line 
there is less certainty. The parent of this line was found in Janu- 
ary in a euhure in the laboratory, which had been stocked with 
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rotifers more than two years before, and to which none had been 
added since. This culture had been examined many times for 
rotifers, but none were seen until the single specimen which pro- 
duced the line recorded as the New York line was found. I 
am inclined to think, therefore, that this female had recently 
hatched from a fertilized egg, and that the New York line was 
accordingly about a month older than the Baltimoi'c line. 
Yliether this difference in age may account for the difference intlie 
proportion of male-producers between the two lines is uncertain. 

That differences in the proportion of male-producers not depend- 
ent on differences in age may exist between two lines is shown, 
however, by another experiment, in which the Fi line was crossed 
back to the New \ ork line, and in several other cases nut recorded 
in that paper. In the cases to which I refer, the older line pro- 
duced more male-producers than the younger line. 

Uncertainty as to the age of the original lines, thei-efore, can 
not invalidate the conclusion that differences de])endont on an 
internal agent do exist between parthenogenetic lines; it merely 
modifies our conception of the nature of those differences, sub- 
ject that is discussed elsewhere. 

Some of the long parthenogenetic lines recorded in table I, it 
is to be noted, do not show an evident decrease in the proportion 
of male-producers; nor do they show an increase. Each of these 
lines began with a low percentage of male-producers, and could 
not have decreased much. These lines showed considerable 
fluctuations in the proportion of male-producers, periods of few 
male-producers being followed by periods of many. If such a 
fluctuating, line began with a long period of few uiale-i)roducers, 
a decrease in the proportion of male-producers could only be 
discovered by breeding it through a large number of generations, 
including several waves of male-producers, and finding that suc- 
cessive waves were less marked. Eorty-six generations are hardly 
enough for this. The progressive decrease in the proportion of 
male-producers is so marked in some cases, and its absence in 
some lines so easily explained, that I am inclined to regard it as 
a general phenomeiioQ. 


THE journal 0? EXPERIMENTAL lOOLOGT, VOL, 12, NO. 2 
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Just such a progressive change occurs in daphnians (Wol- 
tereck, ’ll), but here the number of sexual individuals increases 
with the age of the line,' instead of decreasing as in Hydatina. 
That the change should be in the opposite direction in the roti- 
fers and daphnians need hardly surprise one, since other phenom- 
ena are reversed in the two groups. For example, late females in a 
family of daphnians produce more sexual daughters than do their 
older sisters, while late females in a family of Hydatina produce 
fewer male-producers (sexual females) than do the early females. 

The progressive decrease in the proportion of male-producers 
may also have a bearing on pure line^ work in general. So far 
as we know there is no method by which parthenogenesis may 
change the genotypic constitution of a line, yet parthenogenetic 
lines of Hydatina do change. May not pure lines suffer progres- 
sive change, notwithstanding they are composed of homozygous 
individuals? If so, there can be differences between two pure 
lines having the same genotypic constitution, even when both are 
rearetl under the same external conditions. If this were found 
to he true, it would not invalidate the conclusion that pure linn 
diflfer(mces exist, but would modify our explanation of them and 
their apparent behavior in inheritance. 

How this progressive decrease in the proportion of male-pro- 
ducers is brought about is not known. At first, it seemed that 
the proi^ortion of male-producers might be determined by the 
vigor of the parthenogenetic line. The view that long-continued 
reproduction, whether bi-sexual, parthenogenetic, or vegetative, 
without the introduction of new ^ blood’ in crosses, is detrimental 
to vigor, is often expressed, even if not always correct. Such 
a loss of vigor .seems to occur in Hydatina, as evidenced by the 
decrease in the size of family in successive parthenogenetic gen- 

* [n an earlk'r i)apcr I luive i^j^oken of ii series of partheiiogefietic generations in 
Hydatina seutu as a iniie line. While parthenogenetic species do not meet the 
requirement of Professor Johannsen’s definition of a pure lino, there seems to be 
no abuse of the fundamental conception of pure lines in applying the term to par- 
thenogonetii* spccie.s. d1ie term klon, or clone, used by plant geneticists to denote 
vegetatively produced varieties, can liurdly be used for Hydatina, since there is a 
wide step between partlienogenesis and vegetative reproduction. Under these 
circumstances I have preferred to use the term parthenogenetic line in the present 
paper. 
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orations (figs. 5 and 6). , The simultaneous decrease of vigor and 
of the proportion of male-producers could be readily ‘ explained’ 
in part by assuming that the two phenomena are correlated. 

Opposed to this view is the fact that inbreeding in Hydatina 
.-icems on the whole, to result in a diiniuTition of vigor, wliereas 
the proportion of male-producers appears on the average to be 
unaltered by inbreeding. Such could not be the case if any true 
correlation between the two phenomena existed. A further objec- 
tion to the view that vigor and the proportion of male-producers 
are correlated is found in the results of experiments (3 and 4) 
in which lines derived rom females that remained long in the fer- 
tilized egg are compared with lines derived from females that 
hatched quickly from the egg. If the duration of the egg stage 
is inversely proportional to vigor, as one might expect, a correla- 
tion between vigor and the proportion of male-producei-s would 
result in a lower percentage of male-producers in parthenogenetic 
lines derived from late hatching females. This appears not to he 
the case. The decrease in vigor due to inbreeding may be ac- 
counted for if we assume that vigor is due to the degi'oe of hetero- 
zygosis of the individuals, as has been found to bo the case with 
corn (G. H. Shull, ’08). But this assumption will not ox])iain 
the decrease of vigor with long-continued parthenogenesis (figs. 
5 and 6). 

Wc have seen that the internal nature of a parthenogenetic line 
of Hydatina is subject to some degree of change dependent on the 
age of the line, but that initial differences also exist among differ- 
ent lines, We may thus conceive the internal nature, as fai' as it 
concerns the life cycle, to be composed of at least two parts: 
First, the genotypic constitution, determined at the moment of 
fertilization, and, barring irregularities partaking of the nature of 
mutations, remaining constant through many generations; and 
•second, a changeable element which is probably to be included in 
^\oltereck’s reaction-norm. We may either add to these a third 
element which causes the great fluctuations (Svaves’j in the pro- 
portion of male-producers, or assume that the reaction-norm is 
itself very variable. 
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Of the second factor, little can bo said except in' a descriptive 
way. In Hydatina it progressively changes so that the propor- 
tion of rnaie-producers decreases with the age of the partheno- 
genetic line. WTiether this change is due to continued breeding 
under iiiiiforni conditions, or to some other cause, is not known. 
Little more can be said of the variable element, whether separate 
from or only a featureof the progressive one. Fluctuations in the 
^sexuality^ of daphnians occur, such that periods of few sexual 
forms may alternate with periods in which sexual individuals 
are numerous. Woltereck (^11) attributes the form of the cycle 
to antagonistic substances, now the one, now the other gaining the 
ascendancy in a rhythmical manner. I have found in Hydatina 
just such fluctuations, which I have not been able to trace to 
any external agent. Nevertheless, it appears that the extent of 
the fluctuations is not independent of external conditions. Thus, 
in my earli(‘r starvation experiments (Shull, ^10, fig. 1), both the 
starved and the well-fed lines show simultaneous fluctuations in 
the same direction, but in every case the wave is more marked 
in the wcll-fcd line than in the starved. Even if the external con- 
ditions (chemical substances in the waiter, for example) are not the 
cause of this fluctuation, they do modify its amplitude. 

Regarding the fii’st element of the internal nature of Hydatina, 
the genotypic constitution (zygotic constitution of Punnett, ’06), 
we fortunately have more evidence. The crossing experiments 
described in my former paper (Shull, 11 a), together with the 
results of inbreeding described in this article, enable us at least 
to eliminate certain possible views regarding the internal cause of 
the form of the life cycle. 

The proportion of male-producers can not be dependent on the 
simple (quantity of some substance present. For it is difficultlo 
see why, in some crosses, the Fi line should be intermediate in the 
proportion of male-producers between its parent lines, while in 
other crosses the proportion in Fi should exceed not only that of 
either parent line alone, but of both parent lines combined (op. 
cit., Experiments 36 and 35). 

Among Mendel ian explanations, it can not be assumed that the 
life cycle in a given line is dependent on a single gene or a pair of 
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genes, representing a certain proportion of male-pi‘0(iucers. For 
tiiis explanation could not account for interniediate Fi in some 
eases, and an Fi higher than both parent linos in other cases. 

If we assume that many genes participate in the production of 
the cycle, many of the results so far obtained are easily explained. 
If wc think of these genes for male-producers as being all alike, 
equipotent, and additive in their effects, so that six genes pro- 
duce twice as many male-producei*s as three genes; we should 
then have to assume, in order to explain the crosses described in 
iny former paper, that the percentage of male-producers is ])ro- 
portional to the number of genes for which tlie line is heterozygous. 
This explanation seemed plausible when it was thought that vigor 
and the life cycle were correlated; for in corn it seems probable that 
vigor is dependent on the degree of heterozygosis. The crux of 
this explanation is found in the results of inbreeding. If the per- 
centage of male-producers is proportional to the number of genes 
for which the line in question is heteroz3"goiis, inbreeding, by 
reducing the number of genes for which the line is heterozygous, 
should rapidly reduce the proportion of inale-producers. This 
it does not do. Inbreeding results in a line that includes prtictir 
cally the same proportion of male-producers as the line from which 
it was derived. Even twice inbreeding, or inbreeding a line itself 
the result of inbreeding, does not certainly show a reduction in the 
percentage of male-producers. 

It can not be assumed, therefore, that the genes for the propor- 
tion of male-producers are all alike and effective in proportion to 
their numbers. Instead, we may assume that the life cycle is 
dependent on a number of genes not all alike, some being more 
effective than others, and some combinations producing more 
male-producers than other combinations, even when those combi- 
nations involve the same number of genes. That something 
akin to segregation of these representatives of the cycle occurs, 
is made probable by the fact that crosses between the same par- 
thenogenelic lines are not equal with respect to the proportion of 
male-producers. That the genes are not alike nor additive in 
their effects is shown by the fact that a cross may result in a higher 
proportion of male-producers than in both parent lines combined. 
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I'ho fffect of firossing on the oycle can not bo predicted, therefore, 
from the form of the cycle in the lines to be crossed, but only after 
t(i,sts ar(‘ n)a(l(? by experiment. 

Whatever be the nature of the genotypic constitution, the form 
of the cycle in a parthenogenetic line having a given constitution 
is d(‘pen(lcnt in part upon the environment. It was earlier shown 
that certain chemical substances were capable of reducing the 
proportion (jf male-producers. From evidence presented in this 
pap(‘r, \\v may now conclude that the effect of these substances 
is felt only dui’ing the growth period of the egg. Once the egg 
has K'aclu'd its full growth, or at least after it has been laid. 
ch(‘mi(‘al substances which, when applied throughout life, exclude 
male-producers are powerless to change the nature of the female 
hatching from the egg. In like manner, these substances are 
pow(‘rl('s,s to affect the nature of a female before the egg from which 
she hatches begins its growth. So far as these chemical substances 
aic coiK'crned, the fate of an egg is irrevocably determined in 
its growth period. Since the maturation' spindle is formed in these 
eggs befoj'e they are laid (Whitney, 4)9), it is not impossible 
that th(^ influence of external agents is limited to the matura- 
tion period. 

This localization of ^sex-deterniinatioiF in the growth period 
is of interest in several connections. First, it shows why the 
starvation experiments of Pimnett (’06) and Whitney (’07) did 
mi result in an increased proportion of male-producers, as did 
the experiments of Nussbaum (’97) and myself (Shull, TO). Even 
if starvation, as carried out by the former two investigators, so 
alt<M'ed the chemical composition of the water that a change in the 
life (\ycle might have been expected, nevertheless it was not 
tipplied at a timewhen it might havebeen effective. In the experi- 
ment s of Punnet t and Whitney, the females were starved only 
during the first few hours after hatching, not when their eggs 
were in their growth period. 

The localization of the period susceptible to external agents 
also goes to disprove my former explanation of the observed fact 
that late daughters of a family yielded fewer male-producers than 
did their sisters of the early part of the family. I assumed that 
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{he accumulation of certain chemical substances in the cultures 
as these became old might cause the offspring of the late females 
to be more largely female-producers than the offs])riiig of early 
females. ’ In the light of the discovery that the period suscepti- 
!)le at least to certain chemical substances is limited to the growth 
period, my former explanation regarding the later females of a 
family twould account for a preponderance of female-producers in 
tlie last part of the family, but not for a preponderance of females 
that produce female-producers. A preponderance of female- 
])roducers in the last part of the family, as coni] )a red with the 
early part, does not occur, as was shown by conipiliiig data from 
;U9 families (Shull, AO). 

A comparison with the Cladocera with res])oct to tlie susccjiti- 
ble period will be of interest. The Cladocera do not lend them- 
selves to an inquiry of this kind as readily as do the rotifers, for 
the offspring of a daphnian are not all of one sex. How{‘ver, 
according, to Woltcrock (Al), ])a])linia has two Aabile' jicriods, 
one just before the eggs enter the brood chamber, tlie other veiy 
niLich earlier, in the oogonial stages. It seems not improbable 
that the labile period immediately prior to the entrance of the 
eggs into the brood chamber falls within the growth period, as in 
Hydatina, 

And finally, not the least valuable result of tlie diseoverv tliat 
manure solution is effective only in the growth period of the egg, 
is that a way now seems open to discover the manner in which 
chemical substances affect the life cycle. The question wluffher 
these substances alter the events in a given cell, oi' whether tliey 
merely decide which of two already differentiated classes of cells 
shall develop, bids fair to be answered. If there are two classes 
of cells already differentiated, and manure solution pi'Cvents one 
of them from developing; and if eggs may come to tlie growth 
period before being affected by manure solution; then females 
from a line producing many male-producers, if {ilaced in manure 
solution, should frequently show traces of degenerating eggs, or 
of eggs that do not develop and must l)e ])ushed aside to make 
room for cells of the other class. Obsei'vations on this point are 
aow in progress. 
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A progressive decrease in the proportion of male-producers 
with long-continued parthenogenesis occurs in some, lines' of 
Hydatina, perhaps in all. It is not improbable that differences 
between parthenogenetic lines may thus secondarily arise, which 
are independent of both genotypic constitution and the immediate 
extc rnal ei i v i ron rnent . 

A progressive decrease in the size of family with long-continued 
parthenogeruisis oecurs in some lines. There is apparently no 
correlation ])etweeu decrease in size of family (decrease of vigor) 
and decrease in proportion of male-producers. 

Tlie time required by fertilized eggs to hatch varies from a few 
days to many weeks. 

The length of time required for a fertilized egg to hatch is prob- 
ably not correlated with the proportion of male-producers in the 
parthenogenetic line derived from the egg. 

Parthenogenetic lines derived from fertilized eggs that require 
a long time to hatch may be less vigorous (as measured by size 
of family) tluin those from early hatching eggs. 

Individuals hatching from fertilized eggs are not only all 
females, as previously known, but are all female-producers. 

Whether a female is to be a male-producer or. a female-pro- 
ducer Ls irrevocably decided (so far as mamfre solution is con- 
cerned) in the growth period of the parthenogenetic egg from 
which the female hatches. 

Sex Ls determined a generation in advance. 
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^TI'DIES on sex-deter'mination in amphibians 

V. the effects of changing the water content of the egg, 
at or before the time of fertilization, on the 

SEN RATIO OF BUFO LENTIGINOSUS 
HELEN DEAN KING 

Fropi The. Itishfule of Analomy and Bioloyy 


The investigations recorded in the present paper are a contin- 
uation of those that have been carried on for several years past 
in an attempt to ascertain whether external factors can influence 
the determination of sex in the toad^ Biifo lentiginosus. 

Ail of the experiments were made with the eggs fiom two 
females, a and b: the eggs from each female being fertilized with 
sperni from the same male. The individuals derived from the 
eggs of female a are considered to belong to the ^series A’ group 
of experiments; while ‘series B’ refers collectively to the indi- 
viduals that developed from the eggs of female b. It was not 
possible to note the exact number of eggs used in any exi)eri- 
ment, but an attempt was made to use approximately the same 
number of eggs in each case, and to estimate, as accurately as 
possible, the number of eggs that failed to develop. 

The apparatus that was used in rearing the tadpoles was de- 
scribed in detail in a previous paper (King, ’ll). As this appara- 
tus has its limits of capacity, it was not possible to use all of the 
embryos that developed from each lot of eggs. Definite numbers 
of individuals, forming in every case except the acid experiments 
at least 75 per cent of the total number of eggs that had been 
experimented upon, were taken at random as they emerged from 
their jelly lik(i membrane three days after the experiments were 
begun. In the various tables in this paper the figures given in 
the column headed ‘total number of individuals’ refer, there- 
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fore^ to the number of tadpoles taken for rearing, and not to tho 
number of eggs that had been used in making the experiment. 

The tadpoles lived chiefly on spirogyra, nitella, and various 
other water plants taken from ponds in which toads normally 
breed each year. Occasionally they were fed on finely ground 
fish or frogs' muscle; but food of thi.s kind that was not eatcii 
within two or three hours was removed, as it fouled the water 
very quickly and so inci'eased the mortality. Experience has 
shown that water plants, with their accompanying hordes of 
micro-organisms, form a food supply for toad tadpoles much 
superior to that used in any former experiments. (King, '07 b. 
' 09 , ’ 10 , 11 ). 

In Bufo the sexes cannot be distinguished until the tadpoles 
are approaching metamorphosis, and even when young toads 
live until their tails have been absorbed it is necessary to section 
the gonads in a considerable number of cases in order to’ ascertain 
the sex. Several attempts were made in past years to feed young 
toads so that they might live until their gonads were well differ- 
entiated; but such attempts were failures, owing to the difficulty 
of obtaining a sufficient supply of small insects to feed a large 
number of individuals. Last spring it was found that young 
toads would eat various species of aphids and grow rapidly on a 
diet composed chiefly of those insects. iVs this food could be 
obtained in considerable abundance, nearly all of the individuals 
used in the various series of experiments were kept alive for about 
three weeks after they bad completed their metamorphosis. By 
this time the sex glands were so well differentiated that the sex 
could readily be ascertained by examining the gonads in toto under 
a dissecting lens. 

The period of metamorphosis seems to be a critical one in the 
life history of toads reared under artificial conditions, as there is 
always an increased mortality at this time. All of the individu- 
als that died at this stage of development were preserved in 
Tellyesnicky's’ fluid, which has been found far superior to corro- 
vsive-acetic as a fixative for the gonads of Bufo, and their sex 
ascertained by means of sections. 
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Altogether 4224 tadpoles were used in the wnrioiis experiiiients, 
and of this number 3784 individuals were carried through to 
metamorphosis and their sex ascertained. The mortality in the 
entire series was, therefore, only 10.41 per cent, which is much 
less than the mortality that must occur in any lot of eggs laid 
under natural conditions. Whatever explanation may be offered 
for the unusual sex ratios obtained in some of these experiments 
it is evident that they cannot be ascribed to selective mortality. 

According to Davenport (’97), water forms from 60 ])er cent 
to 90 per cent of the whole mass of protoplasm in nearly all kinds 
of cells and is of the utmost importance for the various chemical 
processes taking place in the living organism. It is conceivable, 
therefore, that placing eggs under conditions that would alter 
their water content just before or during the time of fertilization 
might favor the development of one sex or the other, if it be that 
the sex of an individual depends upon some definite metalmlic 
process occurring during the fertilization period. Some investi- 
gations made along this line last year gave such suggestive results 
that this past spring I confined my experiments with the eggs of 
Bufo to an attempt to ascertain whether the normal proportion 
of the sexes would be altered if the water content of the eggs was 
changed at or before fertilization. 

For convenience in description these experiments arc divided 
into two classes; (1) those in which the water cojitent of the 
unfertilized eggs was affected; (2) those in which the eggs were 
subjected to conditions that altered their water content during 
the fertilization period. 

1. EXPFH[MKXTS ON THE UNFianTLrZEI) K(i(; 

Former experiments in which unfertilized eggs of Bufo were sub- 
jected to the action of hypertonic solutions of salt and of sugar 
gave results which strongly suggested that the normal sex ratio 
had been altered by the treatment which the eggs had received 
previous to their fertilization (King, ’ll). Unfortunately the 
iiiortality at the time the eggs were fertilized, and also among 
the tadpoles during the early stages of their develo])ment, was 
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very great. One could not exclude the post^ibility, therefore, that 
selective mortality was responsible for the results, even if there 
is no evidence that mortality is ever selective in amphibian tad- 
poles reared under artificial conditions. 

In making the experiments mentioned above it was found that 
solutions of salt and of sugar as strong as 2| per cent could not be 
used on the unfertilized eggs for more than five minutes without 
rendering the great majority of them incapable of being fertilized. 
In continuing these experiments very weak solutions were em- 
ployed so that the mortality at the time of fertilization might 
be decr(’as(5d. 

A batch of about 400 eggs, taken from female a, was placed in 
a 2 ])er cent solution of cane sugar; another batch of approxi- 
mately the same number of eggs was put in a 2 per cent solution 
of NaCl. Each lot of eggs remained in the solution for ten min- 
utes, and was then quickly washed off in running water and fer- 
tilized in tap water. At least 05 per cent of the eggs that had 
been subjected to the action of the salt solution segmented nor- 
mally. Comparatively few of the tadpoles died during the early 
stages of development, and the entire number of individuals in 
which sex was not ascertained was only 12 per cent. The results 
obtained with the eggs that had been placed in the sugar solution 
wore even more satisfactory. Not more than 2 per cent of the 
eggs failed to develop, and only 7 per cent of the 300 individuals 
that were taken for rearing died before it was possible to ascer- 
tain their sex. In each of these lots, as shown in table 1, a per- 
centage of females was obtained that was considerably higher than 
that found among the toads that served as control for the exper- 
iments in this series. The latter individuals were developed from 
eggs of female a which had been fertilized in tap water with sperm 
from the same male that was used in the fertilization of all of the 
other eggs taken from this female. 

Eggs, taken from female 6, were subjected to the action of a 
2 per cent solution of sugar for twenty minutes and were then 
fertilized in tap water; only about 5 per cent of these eggs failed 
to segment. In 53, or 22,40 per cent, of the 250 tadpoles that 
wore taken for development, the sex was not ascertained. This 
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| 0 <s was due, in great part, to an accidental contamination of the 
water in two of the dishes containing the tadpoles and not to the 
treatment that the eggs received at the time that they were readv 
for fertilization. The lot of toads carried through inetamorpho.si.s 
gave a percentage of females nearly 10 points above that in the 
control for the series, and slightly greater than that found among 
the individuals belonging to the corresponding (‘xiteriment in 
series A (tabic 1) . 

Owing to the fact that solutions of X:i(l aiv imuh more 
injurious to the eggs of Bufo than are sugar solutions, die (‘x- 
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luimitcs in a 2 per cent solution of l)efor(^ h^rtilization 

wa.s a failure. Only a few of the eggs sf'gineiited, and as all hut 
twelve of the embryos died during gastrulatioii tlie experiiiKMit 
had to be abandoned. 

In each of the experiments outlined abov(‘ tlnu’e was found 
among the individuals carried through to metamorphosis a pei-- 
rentage of females considerably above that in tin* contnil lot. 
riies{‘ results accord well with those obtained in foriiKU’ ex])eri- 
meiits ^vdth hypertonic solutions (King, Ml), although the per- 
ceiuagcs of females are somewhat lower, owing ])ossiblv to th(‘ 
fact that the eggs were treated with wcakfu- solutions. 
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Taking tiin sex ratio for any lot of individuals as the number of 
males to each 100 femaleSj it is found that the toads derived from 
eggs that \v(Te subjected to the action of the salt solution before 
fertilization give a much lower sex ratio than that occurring amon^ 
the individuals developed from eggs which had been treated with 
sugar solution (table 1). If this difference can be attributed to 
the fact that the osmotic action of salt is several times greatei; 
than that of sugar, it follows that the more water that is extracted 
from the egg just before fertilization the greater becomes its 
tendency to produce a female rat her than a male. On this assump- 
tion it is the egg, and not the sperm, that contains the sex-deter- 
mining mechanism. In Bufo, therefore, as in the sea-urchins 
according to the recent investigations of Baltzcr (’09), the female 
is heterozygous as regards sex and the male is homozygous. 

The above interpretation of these results is not the only one 
that can be given, although it seems to me to be the most plausible. 
Selective mortality cannot be held responsible for the sex ratios 
obtained, since in none of the experiments was the mortality 
sufficiently great, either at the time that the eggs were fertilized 
or (luring the development of the tadpoles, to ’have appreciably 
affected the results. There are two possible explanations for 
these results that do not involve the admission that external fac- 
tors can influence sex. It is conceivable that subjecting eggs to 
the action of hypertonic solution just before their fertilization 
may have rendered them more easily penetrated by spermatozoa 
that were female-producing than by those that were male-pro- 
ducing, assuming that the spermatozoan determines sex as the 
current chromosome sex theory demands. This means, however, 
that fertilization must here be considered as selective, though 
Wilson (TO) has recently shown that selective fertilization is most 
improbable in any form. A study of the spermatogenesis of 
Bufo (King, ’07) has not shown any dimorphism of the spermato- 
zoa that might be associated with sex-determination; neither has 
such a dimorphism been found in the spermatozoa of any am- 
pliibian so far investigated. It seems somewhat absurd, there- 
fore, to assume the existence of dimorphic spermatozoa in Bufo 
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in order that the result of these experiments inaj^ be ascribed to 
selective fertilization. 

There remains the possibility that the sex ratios in these lots 
of individuals were chance \'ariations in the norjvml sex ratio, 
and that the treatment to which the eggs were subjected, previous 
to their fertilization, had nothing whatever to do witli the sex of 
the future embryos. In table 2 is given a summary of the [iro- 
portion of the sexes and of the sex ratios in various lots of indi- 
viduals that have served as controls for different seiie.s of ex!)eri- 
ments made during the past six years. The 500 young toads 
examined in 1904 were obt.ained from the banks of' the Susime- 
hanna River at Owego, New York, shortly after they had com- 
pleted their metamorphosis under natural conditions. .Ml of the 
other individuals used in computing the table were devdoired 
from the eggs of females obtained in the vicinity of J’hiladel- 
phia, Pa.^ In every case the eggs rvere normally or artificially 
fertilized in laboratory tap water, and the tadpoh's nrarf'd under 
very uniform external conditions. No lot,s of individuals have 
been included which developed from eggs that were subjected lo 
any abnormal treatment, at or before the time of fei-tilization, 
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or in which the tadpoles were exposed to unusual conditions of 
temperature or of jiutrition during tlie course of their develop, 
ment, although in many such cases the sex ratios obtained were 
very similar to those of control lots. 

In th(i various lots of individ\ials w'hose sex data are included 
in table 2 the number of males to each 100 females varies from 
75.92 to 114.10; when the percentages of females are compared 
there is found to be a difference of 10.43 points between tlu^ 
extremes of the stales. These figures indicate that normally there 
is but little variation in the proportion of the sexes in different 
lots of toads. Table 2 shows also that there is no marked seasonal 
variation in the sex ratio of 13nfo, such as Pfluger ('82) and von 
Griesheirn ('81) claim is the case with frogs. The latter invest i> 
gators based their conclusions on the sex ratios in adult frogs col- 
lected from different localities in different years. My investi- 
gations have been confined entirely to the sex ratios in young toads 
that have recently completed their metamorphosis. Judging 
from tlie proportion of the .sexe.s in several hundred adult toads 
that I have collected at various times during the past ten years, 
tile sex ratio in adult individuals is very different from that in 
the young, since among adults there appears to be a considerable 
excess of males which is particularly noticeable during the breed- 
ing season. 

The sex ratios in the two lots of individuals derived from eggs 
that were subjected to th(' action of sugar solution before fertil- 
ization fall within the limits of normal variation in the sex ratio 
(table 2). There is, therefore, some ground for an assumption 
that these cases afford no evidence that the normal proportion of 
the sexes was altered by the treatment which the unfertilized eggs 
received. The sex ratio found in the individuals that developed 
from eggs that were treated with salt solution is consideiably 
lowaT than that in auv control lot so far examined; but this mav. 
])erhaps, be considered as an exceptional variation. If these 
sex ratios an' more chance deviations from the normal, it certainly 
seems very remarkable that all three of them should show such 
a high percentage of females. 
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2. KXPERIMEXTS OX THE FERTILIZED E(’,( 

If the sex of an embryo is not definitely fixed by tlie eharaeter 
„f the spermatozoan that fertilizes the ep™-, it is possible that the 
zvftote is a sex-hybrid and that external conditions, .acting diirin- 
the early stages of development, may turn the balance in'favor (rf 
{)?ic sex or the other. 

Several different experiments were made this year to see \vh('- 
ther changing the water content of the zygote would have .any 
efi'ect on the sex ratio. These experiments may be divided into 
two groups: (A) those in which an attempt was made to cause 
the eggs to absorb an increased amount of water during the fer- 
tilization period; (B) those in wliich eggs were made to los(' water 
during this time. 

With incremed ahorpiion of wakr 

According to Loeb (’00), eggs can be mad(' to t.ake up water 
b\- placing them in weak solutions of acid or of alkali, tlie quantity 
of water absorbed depending on the strength of the solution used. 
Former experiments have shown that the eggs of Biifo aic v('ry 
^■nsitive to the action of acid and of alkaline solutions, and that 
it is not possible to subject them to t he action of a soliit ion si rongcr 
than 0.01 per cent without rendering the great majorif v iiicapabh' 
of development. Last year seven lots of eggs, froln fom- difl'enMit 
females, were fertilized in weak solutions of acetic acid ( 0.0020 
I)er cent to 0.01 per cent), and in every instance! the percentage of 
females obtained was from 10 per cent to 20 per cent lowen’ than 
that in the control lot. Unfortunately no definite eoiielusions 
could be drawn from these experiments, since in every case tin* 
niortality was very great both at the time tliat tlie c'ggs were fer- 
tilized and during the growth of the tadpoles. 

I planned to repeat thi^e experiments on a large scale this past 
XM-ing in the hope that definite conclusions would be possible 
rom the results obtained. To ni}' great surprise', howf'ver, I 
lound that it was not possible to obtain any considerable number 
^’leggs that would develop normally after being fertilized in solu- 
tions of acetic acid. Altogether twenty batches of eggs, from 



328 


HELEN DEAN KING 


five different females, were experimented upon, and in no case 
did more than one-tenth of the egga segment even when the solu^ 
tion used had a strength of only 0.0025 per cent. The failure 
of these experiments cannot be due to the chance selection of a 
particularly bad ht of eggs and sperm, since eggs from two of the 
five females were used for all of the other experiments that wore 
mad(‘, and the very great majority of them developed normally 
although they were fertilized under very unusual conditions. 

The only explanation that I can offer for this very unexpected 
result is that, when fertilization was attempted, the eggs happened 
to be in a physiological condition that rendered them particularly 
sensitive to the action of acid solutions. This past spring no toads 
were obtain'd until the seventh of .\pril, and each of the five 
females used for thes(^ experiments had already laid a portion of 
her eggs before she was brought into the laboratory; the eggs were, 
therefore, very ripe. In 1910, females were obtained the latter 
part of March, and as none of them had laid any of their eggs whei) 
captured, the eggs were presumably in an early stage of ripening 
when they were experimented upon. According to Hertwig (^06), 
the physiological condition of amphibian eggs varies considerably 
at different phases of their ripening, and it may be, therefore, that 
.very ripe eggs are more easily injured by acid solutions than are 
eggs that are iii an earlier stage of de\^elopment. 

The individuals belonging to only one of the acid series were 
saved. In each experiment in the series about 400 eggs, taken 
from female h, were fertilized in solutions of acetic acid and re- 


moved to fresh 

water at the end of one-half hour. The strengths 

of solutions used, which were the same as those employed last 

year, are shown 

in table 3. 

Many eggs that segmented 

in a more 
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or less normal manner died during the gastrulation period, so 
the number of tadpoles that could be taken for rearing was very 
small/ The sex data obtained in this series are shown in table 3 
Xo conclusions can be drawn from these results since there W'ere 
so few individuals in the various lots. The exjieriments have 
been recorded simply because the sex ratios found agree with tliose 
obtained in similar experiments made last year. Ahogt^tlier 
ten different experiments have been made in whicli ^'arious lots of 
eggs have been fertilized in acid solutions, and in each case a very 
low percentage of females has been obtained. Such a consistent 
series of results, in so many different cases, strongly suggests 
that the acid solutions have increased the lejidency of the eggs 
to produce males rather than females, presumably by causing them 
to absorb an increased amount of water during the fertilization 
period. In all of these experiments, however, the mortality was 
very great, so it is possible that selective mortality was respon- 
sible for the results; though why acid solutions should invariably 
be more injurious to young females than to young males is not at 
all clear. It will be necessary to repeat these experiments on 
eggs that are in a physiological condition to withstand the injuri- 
ous action of acid solutions before any definite conclusions are 
possible regarding the effects of such solutions on the sex ratio 
of Bufo. 

In another experiment eggs were fertilized in water that had 
been distilled in glass, in the hope that the zygote would absorb 
an increased amount of water and thus tend to produce a male 
rather than a female. The eggs, which were taken from female 
Q. remained in the distilled water for thirty hours, the water being 
changed three times during this period. Practically all of the 
eggs experimented upon segmented in a normal manner and con- 
tinued their development. Not many of the 400 tadpoles taken 
for rearing died during their early development, and the entire 
loss was only 13.75 per cent. The 345 individuals that were 
carried through to metamorphosis were found to consist of 189 
n^ales and 156, or 45.21 per cent of females. In tliis mstance 
the sex ratio of 121.15 males to 100 females differs so little from 
that in the control for the series (table 1) that cvidcmtly the nor- 
^‘al proportion of the sexes was not appi’eciably altej-ed by tlie 
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conditions to which the eggs were subjected during the early 
stages of their development. 

The results obtained in this experiment might seem to indicate 
that increasing the amount of water in the egg at the time of 
fertilization has no influence whatever on the process of sex- 
determination; but there is another possible interpretation of 
them whicii seems worth considering. The ripe eggs of the toad 
are surroundf'd by two membranes and embedded in a thick, 
jelly like substance. It is therefore pos'Sible that when eggs are 
fertiliz(Ml in distilled water the osmotic pressure on them is, for 
some little time, practically the same as that to which eggs are 
subjected when they are fertilized under natural conditions. If 
this bo so, the results of this experimeiit give no evidence what- 
ever r(‘gai'ding the effects on the sox ratio of increasing the water 
cont(Mit of the eggs during the period of fertilization. 

Although the s{‘x-determining mechanism was not affected by 
the distilled water, some change was produced in the eggs which 
had a decided influence on their later development. The tad- 
poh^s bolongiug to this lot were very small, and their development, 
alllujiigh apparoutly normal, was so retarded that they were the 
last of all of tiu' individuals iii the various series of experiments 
to undergo metamorphosis. 

None of the (’xperiments in which an attempt was made to in- 
crease the water content of the zygote have given results that 
could be considered as conclusive. It is suggestive, perhaps, that 
ill e\’ery instance a I’elativcly low percentage of females has been 
obtained; but other methods of experimentation will have to be 
employed before it will lie possible to determine whether increas- 
ing tile amount of water in the eggs at the time of fertilization 
really h^ads to an alteration of the sex ratio. 

Willi losn of ^^'ater 

* 

It would seem to be an easy matter to reduce the water content 
of the zygote h\ fertilizing the eggs in a hypertonic solution ami 
allowing them to remain in the solution f^r a considerable length 
of time. Unfortunately the spermatozoa of Bufo are very easily 
injured, and even 1 per cent solutions of salt or of sugar render 
the great majority of them incapable of fertilizing the eggs, 
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continuing experiments of this kind it was considered necessary, 
therefore, to use very weak solutions in order that the mortality 
among the spermatozoa might be greatly red need. 

One batch of about 400 eggs, taken frotn femaU^ (U was placed 
\vith spermatic fluid in a ^ per cent solution of eatie sugar: an- 
other batch of eggs from the same female was fertili/ani in a \ 
per cent solution of NaCl. Each lot of eggs nm mined in tlu‘ solu- 
tion for one-half hour and was then transferred into fresh water. 
The mortality at the time of fertilization was slightly gri'ater 
wiiere salt solution was used, but in this case it was not more than 
10 per cent. Since a former study of the fertilization of the egg 
of Bufo(King, '01) has shown that the egg is normally penetrated 
hv the spermatozoan within three or four minutes after it has been 
fleposited, it is evident that in those oxpei’iments the solutions 
acted chiefly on the zygote and not on the unfertilized egg. 

In each case 300 embryos were taken for rearing, and the greater 
number of these, as shown in table 4, were canted through to 
metamorphosis and their sex ascertained. Each lot gav(^ a 
percentage of females higher than that in the control for the 
series, but well within the limits of normal variation in th(‘ per- 
centages of females as shown in table 2. It is doubtful, then'- 
fore, if in either case the normal proportion of the sexes was al ten^l 
by the treatment which the ^gs received at the time that they 
were fertilized. 

One lot of eggs, taken from female h, was fertilized in a ] per 
cent solution of salt, and another lot was fertilized in a 4 per cent 
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solution of sugar; in each case the eggs remained in the solution 
for one hour before being transferred into tap water. These 
eggs reacted very differently from those that were fertilized in 
acid solutions (table 3) aithougli they were taken from the sann^ 
female and fertilized with sperm from the same male. In neither 
lot was the mortality at the time of fertilization greater than 1 
per centj and only a small number of tadpoles died in the early 
stages of their development. As shown in table 4, the sex ratio 
in the individuals that were carried through to metamorphosis 
was in each instance practically the same as that in the control 
for the series. These results indicate unmistakably that the 
solutions in which the eggs were fertilized had no effect on the 
sex of the tadpoles, although they continued to act on the zygote 
for nearly an hour. 

As indicated in table 4, the results obtained in these experiments 
offer no evidence that the sex ratio in Bufo can be altered by 
fertilizing the eggs in hypertonic solutions. This negative result 
may, possibly, be due to the fact that it is not possible to fertilize 
th(‘ eggs in hypertonic solutions that are strong enough to pro- 
duce any ai)prociablo change in the osmotic. pressure. 

Keeping eggs out of water for some time after their fertilization 
was another means employed to cause the zygote to lose water, 
or at least to prevent its absorption of water, during the early 
stages of development. This method of experimentation has the 
very great merit that the eggs are not subjected to the action of 
any clicmical substance that might possibly produce changes in 
them that would lead to abnormal development and to the early 
death of the embryos. 

The technique employed in the two experiments that were 
made this year was as follow^s : On their removal from the uterus 
of the female the eggs were placed on filter paper and a few drops 
of water containing spermatozoa were distributed over them with 
a pipette in as uniform a manner as possible. The excess of water 
was then quickly drained off, and the eggs were transferred into 
a moist chamber wKere they remained for a number of hours be- 
fore they wore allowed to continue their development in water. 

AVith very fc\v exceptions all of the eggs from female a that w;ere 
experimented upon ^vere fertilized, and they began segmenting 
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fully ten minutes before there was any indication of a division in 
the eggs of the control lot for the series. Wlien the embryos were 
removed from the moist chamber and placed in water, seventy- 
seven hours after the experiment was begun, all of the jelly that 
had surrounded the eggs had disappeared and the embryos were 
Iving on the nearly dry filter paper from which it took some time 
to float them off. Out of about 450 embryos that were taken from 
the moist chamber, 400 were selected for rearing. The tadpoles 
in this lot were noticeably larger than were any other tadpoles 
ill the series, and they began metamorphosing less than five weeks 
after the experiment was started. The mortality during the 
de^^eIopment of the tadpoles was remarkably low, only 4.75 
per cent; so that selective mortality could have had very little 
influence on the proportion of the sexes in the lot of individuals 
carried through to metamorphosis. In the 381 individuals in 
which sex was ascertained 275, or 72.33 per cent, were females. 
This percentage of females is nearly 25 points higher than that 
in the control for the series (table 1), and much too high to be 
considered as a chance variation in the normal proportion of the 
sexes. 

In this, as in the other series of investigations made last spring, 
the experiment was repeated with the eggs from a different female 
in order to avoid the possibility of drawing conclusions from an 
unusual sex ratio that might be merely a chance variation. As 
a check for the experiment made with the eggs from female a, 
a lot of about 400 eggs, taken from female 6, was fertilized out of 
water and kept in a moist chamber for fifty hours. In this in- 
stance, also, practically all of the eggs were fertilized, and the 
development of the tadpoles was similar in every respect to that 
of the tadpoles belonging to the corresponding experiment in series 
A. The mortality among these tadpoles also was very slight 
(6:50 per cent), and 374 individuals were carried through to meta- 
morphosis and their sex ascertained. This lot of individuals, 
as shown in table 5, confadned 77.27 per cent of females, which is 
30.87 points above that in the control for the series. The sex 
ratio in this instance, 29.41 males to 100 females, falls far below 
that in any lot of toads so far examined. 
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In none of the experiment h that have been made with the egg^ 
of Ilufo in order to study the problem of sex-determination have 
tiu^ sex ratios obtained been any where near as low as those indi- 
eat(‘d in table 5. These results cannot be ascribed to an error in 
distinguishing the sexes, since the gonads in all of the individuals 
that were killed three weeks after they had completed their 
metamorphosis wen^ well differentiated and the sex of the few 
individuals that died during metamorphosis was shown unmis- 
takably by scetions. 

It is evident that whatever part selective mortality may have 
had in producing the unusual sex ratios obtained in various former 
experiments, it cannot be held responsible for these last results. 
Had all of the individuals in which sex was not ascertained been 
males, which of course is very improbable, the resultant sex 
ratios would still be very much lower than any of those indicated 
in table 2. The individuals in series A would contain 45.45 males 
to 100 females; while among the individuals belonging to series B 
there would be 38.40 males to 100 females: no control lot of indi- 
viduals so far examined has given a sox ratio of less than 81 males 
to 100 females. 

In these experiments the eggs were not subjected to the action 
of any chemical substance, but were merely kept out of w’ater for 
some hours after their fertilization. It is evident, therefore, th.at 
the only change that could have been produced in the eggs was a 
diminution in their water content during the early stages of their 
development. The eggs probably lost but little water from evap- 
oration during the fertilization period, as they were kept in a 
moist atmosphere in a closed vessel; but normally, as shown by the 
investigations of Bialaszewicz (’OS), amphibian eggs absorb a 
considerable amount of water before the appearance of the fir^t 
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i-|i.a\-age plane, and such an absoi-ption of watei- was not j)ossible 
, aider the conditions to which these cgss were sulijected fnless 
by chance, therefore, in picking out tlie individuals to be reared' 

] .elected in each case tadpoles that would give a, great luajoritv 
„f females when developed, I can see no alternative but' to as- 
sume that sex in Bufo can be altered by changing the water con 
teat of the eggs at the time of fertilization. The weiglit of i-.a-ent 
e.xperimental and cytological evidence is, howewr decidedh- 
against the view that external factors can have any infliience wliat- 
ever in determining sex. 


In making the.se experiments the spermatic fluid was distributed 
m-cr the eggs within two or three minutes after they liad been 
taken from the female. It is probable, therefore, that each egg 
wa.s fertilized by the first spermatozoan that reached it since in 
such a short space of time the well protected eggs could’ not lo.se 
sufficient water from evaporation to make selective fertilization 
pos,sibIe, unless it be that fertilization is normally .selective when 
the eggs of Bufo are fertilized. If the male is responsible for .sex 
each batch of eggs might have been expected to give a muirlv 
equal proportion of the sexes, regardless of the external condition's 
to which they were subjected at the time of their fertilization- 
for former experiments have shown that, if the spermatozoa of 
Bufo are dimorphic, both kinds of spermatozoa must be produci'd 
in approximately equal numbers in each testicle of every normal 
male (King, Tl). In each case, however, as indicated in table 
0, the individuals carried through to metamorphosis contained 
a proportion of females greatly in excess of that in any control lot 
as yet examined and much beyond the limits of probable normal 
variatmn. The chromosome theory of sex-determination does 
not, therefore, offer a satisfactory explanation of the.se results, 
nn c.ss one arbitrarily assumes that the lot of spermatozoa used 
in fertilizing each lot of eggs happened to contain a much greater 
number of female-producing spermatozoa than of those that were 
Riale-producing. 

The results of the experiments in which eggs were fertilized out 
ater, taken in connection with those obtained when eggs were 
su jected to the action of hypertonic solutions before fertilization, 
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strongly suggest that in Bufo sex does not depend exclusively on 
the spermatozoan, but that it is determined by the egg aloiie. 
or by both egg and sperm. It would appear, also that sex can be 
influenced by decreasing the water content of the egg at or before 
the time of fertilization. 

Hert wig’s (’06) theory that sex is determined by the mass rela- 
tion between the chromatin and the cytoplasm seems to offer a 
tentative explanation of these results, if it is applied to the con- 
ditions existing in the zygote and not to those in the ripe, unfer- 
tilized egg. Until these experiments have been repeated and 
extended, however, it will be useless to attempt the formulation of 
a theory of sex-determination that will explain these results and 
bring tlunn in harmony with those that have been obtained by 
other investigators in this field. 
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]U:iXVIGORATION PRODUCED BY CROSS FERTIL- 
IZATION IN HYDATINA SENTA^ 


DAVID DAY WHITXKV 

From the Biological Lahofotory, Wvfilryau 

Die full significanee of fertilization is far from being clear not- 
withstanding a vast amount of speculation and observation u])on 
hoili plants and animals, Darwin observed self-fertilized and 
(TOSS fertilized plants for several generations and determimMl that 
cross fertilization is generally beneficial and seif fertilization is 
injurious. ^^This is shown b}^ difference in height, wcught, con- 
stitutional vigor^ and fertility of offspring from crosses and s(df- 
fertilized flowers, and in the number of seeds produced by tlx^ 
parent plants.’’ He also collected considerable data from breed- 
ers showing that the majority of them were of the opinion that 
cross breeding between individuals of the same race whi(‘h lived 
in separated localities, caused an increase of constitutional vigor 
in the resulting race. 

Later Butschli regarded conjugation in the Pi'otozoa as a 
process involving rejuvenation and considered fertilization in the 
Metazoa in the same light. He was followed by Maupas and 
finally by Calkins who has found that the conjugation of two in- 
dividuals in a weak race of Paramoecia caused a ]’einvjgoration 
of the race to such an extent that it was able to pass througli 
another cycle of at least 376 generations before it became as 
weak as the original race from which the two conjugating indi- 
viduals were taken. 

M am greatly indebted to the Directors of the BiDlbgical I laboratory of tin; 
Hrooklyn Institute of Arts and Science, Cold Spring Harbor, X. V,, ami of the 
Marine Biological Laboratory, Woods Hole, Mas^.. for their eourte.sies and for 
lilacingat iny disposal private rooms and laboratory facilities during tht' summers 
“f and 1911 respectively. 
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Althouj^h considerable work on the problem of rejuvenescer-r;^* 
by fertilization has been done on plants, nevertheless experime]!;«. 
and observations on the multicellular animals in connection with 
the reinvij!;oratitm of the race by fertilization are as yet very 
and inconclusive. The purpose of this present paper is to demon- 
strate that a f^reat amount of rejuvenescence occurs when iwo 
w('ak races are cross bred and that only a small amount of re- 
juvenescence takes place when each weak race is inbred Avith 
itself. 

On October 0, 1908, a fertilized egg from a wild culture of the 
rotifer, Hydatina senta, was put into some fresh culture water 
and on October 12, 1908, a young female hatched from the egg 
A pedigreed part hen ogenetic culture or race was started from thb 
female and was called race A. In the 59th generation of this race 
A, on February 24, 1909, two parthenogenetic sisters were iso- 
lated. One became the mother of what has been called the 60th 
generation of race A and the other became the mother of what has 
been called the 60th generation of race B, In other words at the 
59th generation the race was split into two sister races. One was 
still called race A and the other was called race B, These two 
sister parthenogenetic races A and B w^ere kept in Syracuse watch 
glasses. Usually once in forty-eight hours ten daughter-females 
of each race were isolated, each daughtei'-female being placed in 
a separate watch glass. They produced the young females of the 
succeeding generation. Both races w^ere always fed from the 
same food culture jars made from a culture of horse manure and 
water inoculated with bacteria and protozoa. During the first 
fifteen months, until January, 1910, these food cultures contained 
a miscellaneous assortment of protozoa but in January, 1910, pure 
food cultures of the flagellate, Polytoma, in horse manure solu- 
tions were started and proved so successful that they have been 
continued to the present time. The special method of making 
these cultures has been described in a former paper. 

The two pedigreed sister parthenogenetic races were continued 
up to Marcli 3, 1911, at which time race B apparently from exhaus* 
tion died out in the 384th parthenogenetic generation. How- 
ever, some fertilized eggs of this race were saved which had been 



reinvigoration produced by cross fertilization 339 

pn.duced in some minor experiments which had been performed 
;it about this time in February. In this way the race was pre- 
^orvod and used in later experiments in connection with the 
p]<)])lem of in- and cross-breeding. The parthenogenetic race A 
alive at the present time in the 503rd generation, but is in a very 
exhausted condition. 

During the whole period in which the two races were con- 
ducted in parallel generations the external factors or environment 
were as identical as possible. The individuals of each generation 
were isolated at the same time, put into the same kind of dishes, 
with approximately the same amount of tap water to which was 
added the same kind and amount of food from the same food 
culture jars. They were always kept .^ide by side in the stacked 
watch glasses, at the same room temperature, and in the same 
illumination. Some of the time they were kept in a dark room 
and some of the time in a well lighted room. The greater j)art 
of the time they were in Middletown, Connecticut, but during a few 
weeks of the summer of 1909 they were at ('old Spring Ifarljor, 
Xew York, and also in \Yrmont. The summer of 1910 they were 
only out of Middletowm two or three weeks when in \'errnont. 
In the summer of 1911 race A was in Woods Hole, IMassachusetts, 
ami in Vermont for a few weeks. 

The criterion selected for deciding whether the races were strong 
or weak was the rate of parthenogenetic reproduction. This was 
selected because of simplicity of observation togethm- with its fun- 
damental importance in connection with growth and metabolism. 

In order to determine the comparative vigor of tlu^ two races 
A and B their rates of parthenogenetic reproduction wore obtained 
and compared with the rates of reproduction of two other partlic- 
nogenetic races C and /). Race (/ was started about nine months 
later than race.s A and B, from a parthenogenetic egg of a wild 
individual which was isolated from a general wiUl culture of roti- 
fers supposed to have started a few months prexdously from a 
fertilized egg. Race D was started at the time of the experiments 
from a fertilized egg of another wild uii pedigreed general eulture 
of rotifers which was begun in October of 1908. 
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In some of the experiments the eggs of the females from tlu. 
different races were counted at frequent intervals in order to 
determine whether all the females of the various races produ( 
the same number of eggs in the same period of time. This 
not found to be the case for the females of some of the races pro- 
duced eggs faster than the females of other races but as the eygs 
of all females of all races hatched in about the same length of 
time after they were laid, the rates of reproduction were deter- 
mined by counting the young females in a dish with their mother 
after a definite period of time had elapsed since the mother was 
first isolated. 

‘ The first series of observations were made during the period 
in which race B was becoming extinct. Many young partheno- 
genetic females of approximately the same size were isolated from 
each of the four races at the same time, placed under ideiUical 
external conditions and their rates of reproduction recorded. 
Table I shows the general results. Race B was unmistakably the 
weakest in that only one female out of sixty isolated was able to 
live and reproduce, while twenty others lived the normal length 
of time for individuals of the race, but never laid any eggs. 
These twenty females developed and produced many eggs in their 
ovaries but never laid them. The eggs remained inside the body 
of tlu? female and ultimately seemed to fill the entire animal, 
crowding and concealing all the internal organs from view. After 
a time some of these eggs were observed to start development into 
embryos; but soon the embryos died and many of the egg mem- 
branes riqitured and the body of the female became filled with 
a mass of egg materials from the broken and decomposijig 
eggs. These females finally became larger than normal females; 
due to this accumulation of unlaid eggs which crowding out 
the wall of the animal caused the large size. Such females nre 
designated as sterile females. Thirty-nine of the remaining 
females did not live to maturity probably because of their weak 
condition. In race A forty-six of the young females matured ami 
produced daughter-females at a higher rate than the one female 
of the B race. In race C fifty-three of the young females matured 
and had a higher reproduction rate than either of the races A 



REINVIGORATION PRODUCED BY CROSS FERTILIZATION 341 




342 


DAVID DAY WHITNEY 


and B. In race D fifty-nine of the young females matured and 
the reproduction rate was twice that of race C and three time.s 
that of race A . 

When the two races A and B were in the 60th to 80th genera^ 
tions their rates of reproduction were probably very much like 
that of race D although no exact data were taken in this perkjd. 
How(^ver, from general observations made at this time it was 
clearly seen by the observer that each young female in both of 
these races under ordinary conditions matured and produced 
ten or more young daughter-femalcs in forty-eight hours. It was 
customary in these early generations to take ten young daughtcT- 
females from a single mother with which to form the succeeding 
generation. Later as the generations increased this 'became im- 
possible and for the isolation of ten young daughter-females at 
the end of forty-eight hours two mothers were required and later 
still three mothers were required. At the same time it was 
noticeable that the females of race B in the same length of time 
were producing fewer daughter-females than the females of race A. 
During the summer of 1910 this was so apparent that difficulty 
was experienced in being able to isolate ten young daughter- 
females from both races which were of the same age and size at 
the end of forty-eight hours. In order to continue these two 
races in a parallel series of generations by isolations of young 
females of the same size from both races daughter-females of 
race A were isolated which were produced later in a family, from 
the tenth to the thirtieth, and the daughter-females from several 
mothers of race B were isokitcd which were the earliest ones pro- 
duced in each family. Thus by isolating the daughter-females 
from near the middle of a family from race A and the ‘first born' 
daughter-females from race B it was possible to keep the genera- 
tions of both races parallel. 

From table 1 and from these general observations it is readily 
seen that as the parthenogenetic race became older the rate oi 
reproduction decreased very decidedly and also that the chances 
for each young female to gj'ow to mat urity were lessened. Thi> 
decrease in the rate of reproduction may not necessarily be due 
to long continued parthenogenetic reproduction, but rather to 
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ihP constant environment of the horse manure food cultures 
Tlie influence of the environment upon the race will be considered 
ill a subsequent paper when certain experiments which are in 
progress now shall have been completed. At present it is useless 
to discuss this point because of the lack of sufficient data. From 
the evidence it is also concluded that race H has become the 
weakest or the most exhausted in its general vigor, while race D 
i.< the strongest and most vigorous. 

After the general vigor or vitality of the parthenogenctic races 
A and B had been ascertained it was decided to determine 
whether fertilization within each race would increase its general 
vitality,. Several females from each race were placed in separate 
new cultures made in small battery jars and allowed to live' in 
them two to three weeks. During this time males apiieared and 
fertilized eggs were produced. After a short time these fertilized 
eggs from both races A and B were, hatched and a series of iiaral- 
lel Observations were made upon the rates of repi'oduction of the 
races, from the fertilized eggs, from the original pai'thenogcnetic 
race, and from the new race 7). Tables 2 and 3 show the negative 
influence of inbreOding once in race .1. Tabic 4 shows the same 
result in race B. 

After these results were obtained it was thought best to ascer- 
tain whether or not a second inbreeding of the races which had 
already been inbred once would reinvigorate them, perhaps by an 
accumulabon of stimuli of some sort which were too weak in' the 
first fertilization to give apparent results. Table ,) gives the data 
and results of the second successiv^e inbreeding of race A. The 
new race D was used as the control or normal race as has been 
done in the former experiments. Table 6 shows the result.s ol> 
tained from fifty-one females each of which developed from a 
different fertilized egg of race B which had already been inbred 
once. In neither table is there found any very marked increase 
0 the rate of reproduction. These two races, lioth of which re- 
sulted from a second successive inbreeding of the original races, 
"ere continued. Later in the year race A produci'd fertilized 
eggs which resulted from the third successive inbrcetling of the 
race, and race B even was allowed to produce fertilized eggs which 
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resulted from the fourth successive inbreeding of the race. Pro. 
vious to this time race D had been destroyed and consequently 
a new race^ E, was started from a fertilized egg from the same wi]<] 
general culture of rotifers from which race D had been started. 
This new race was used as the control, 

(’ertaiii obvious parts of tables 9, 10, 11 and 12 give the data 
and results of these observations. In these tables it is noticeable 
that the rates of reproduction of races A and B have not risen to 
any marked extent although a slight increase in the rates is appar- 
ent. The conclusion may be safely drawn that successive in- 
breeding of such weak races does not increase their general con- 
stitutional vigor to any considerable degree, even though this 
successive inbreeding is allowed to occur four times, as in race B. 

As the two sister parthenogenetic races have been demon- 
strated to be in a weakened state and this weakness has been 
shown to continue in each race after several successive cross 
fertilizations have taken place it now remains to show what results 
are obtained when these tvVo weakened races are allowed to cross 
breed and reciprocal cross fertilization of the eggs occurs. 

The first series of observations on the crossing of the two races 
A and B is recorded in table 8. A few females from each of those 
weakened races were p\it together into one battery jar which 
contained a new food culture. Many males soon appeared and 
after several days eighteen fertilized eggs were taken out and 
hatched after resting a few days. The rates of reproduction of 
seventeen of these females were determined and compared with 
the rejiroductioa rates of ten ditTereiit females of the new race D. 
The average reproduction rate of these seventeen females was 
much higher than either of the average reproduction rates of the 
two parent rac'es A and B which have been compared with tlie 
reju’oduction rate of race D in tables 1 to 4. In fact it even ap- 
proached closely to the reproduction rate of race D. If the records 
of three of these seventeen females which were probably not the 
result of a cross fertilization are eliminated the two average repro- 
duction rates are much closer. This great increase in the repro- 
ductioM rate and its close approximation to that of the control 
was assumed to be due to a reinvigoration caused by cross fertili- 
zation. 
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TABLE 5 

Shomruj h,} the am,>nrafive reiyroducfion rates that inbreeding race A two s^,cces. 
times does not reinvigor ale it 


A 2nd 

FKRTIMZKU EfiGS KKGM I.VBHEEDlNG A IST 


D 

NEW^ PAHTHENOGE- 
NETIC -WILD RA.CE 
BETWEEN 55=t — 65 
*GENERATION8 


Vuiirii! ^'Jsfrorri Tarl ht'tioi^riuiUc (Offspring of daugfiter 
illfTcnMil f'Ntll- auuglitDrfcmaloi k-niales 


Parlhenogeiietlc 


, Av.no. 
■ d, 93 






Av. 

9 93 

d. 93 
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'fime 1011 

No. 

Time 1911 

no. 

isolated 

pro- 

duced 

f>-20 

Eve. 6-24 

I Argo' 

9 dead. 

No young. 



6-22 

A.M. 6-24 

4 

A.M. 6-26 

28 7 

10 

70 

6-22 

A.M. 6-24 

2 

A.M. 6-26 

14 7 

10 

70 

6-22 

A .M. 0-27 

Tjargc 

9 dead. 

No young. 



6-23 

' Eve. 6-28 

Large 

9 dead. 

No young. 



6-23 

Eve. 0-28 

I.jirge 

9 dead. 

No y iniiig. 



6-23 

Eve, 6-28 

Large 

9 dead. 

No young. 




A M. 6'23 
A.M. fi 
A..M. 6-2:5 
A.M. (1-24 
A.M. <i-24 
A M. 6-25 
A.M. f>-2f) 
A.M. 


Ev(*. 6-28 
A.^I. 6-25 
A.M. 6-26 
A.M. 6-26 
Evo. 6-27 
Eve. 6 27 
Eve. 6-27 
A.M. 6-28 


Large 9 dead. 

4 A.M. 6-27 

5 A.M. fi-2.S 

4 A.M. 6-28 

3 Eve. 6-29 

5 Eve. 6-29 

4 Eve. 6-29 

5 A.M. (i-;50 


No y oung. 
IS 4 o 

28 5.6 

29 7.25 
All dead. 

30 6 

20 5 
37 7.4 


16 

17 

A.M. 6-26 

Eve. 

li-29 

I.iirgc 

9 (lead. 

Noy 

oung. 

Eve. 6-26 

A.M. 

6-28 

4 

A.M. 0-30 

34 

S.5 

18 

Eve. 6-26 

A.M. 

6-29 

4 

Eve. 6-30 

10 

- 6 

19 

A.M. 6-27 

AM. 

6-29 

3 

Eve. 6-30 

5 

1.06+ 

20 

Eve, 6-27 

I'Ae. 

6-30 

2 

Eve. 7-2 

4 

“ 

21 

Eve. 6-27 

Eve. 

6-29 

4 

Eve. 6-30 

10 

2.5 

22 

lu'e. 6-27 

Eve. 

6-29 

3 

Eve. 6-30 

6 

- 

23 

Eve. 6-28 

A.M. 

7-2 

4 

A.M. 7-4 

22 

5,5 

24 

Eve. 6-28 

A.M. 

7-2 

I.arge 

9 dead. 

No y oung. 

23 

Eve. 6-28 

A.M. 

7-2 

4 

A.M. 7-4 

1 

0.25 

26 

Eve. 6-28 

A.M. 

7-2 

f.arge 

9 dead. 

No 

•oung. 

■>7 

lOve. 6-2S 

A.M. 

7-2 

Large 

9 dead. 

No 

voung. 

28 

Eve. 6-28 

AM. 

7-2 

5 

A.M. 7-4 

30 

6 

29 

Eve. 6-30 

AM. 

7-2 

6 

\ .M. 7-4 

1 30 

6 

30 

Eve, 6-30 

A.M, 

. 7-2 

4 

A.M. 7-4 

35 

8.75 

;u 

Eve. 6-30 

A.M 

. 7-2 

3 

A.M. 7-4 

15 



Eve. 6-30 
Eve. 6-30 
A.M. 7-2 
A.M. 7-2 
A.M. 7-2 
A M. 7-2 
A M. 7-2 
A.M. 7-3 
A.M. 7-3 
A.M. 7-3 
\ \r 7-2 


A.M. 7-2 
A.M, 7-2 
Eve. 7-3 
Eve. 7-3 
Eve. 7 3 
A.M, 7-4 
A.M. 7-4 
P.M, 7-5 
P.M. 7-0 
P.M. 7-5 
)> M 7-, 5 


O’? 

A.M, 7-4 
Eve. 7 5 
Eve. 7-.5 
J^ve. 7-0 
A.M. 7-6 
A.M. 7-6 
A M. 7-7 
A.M. 7-7 
A.M. 7-7 
\ M. 7-7 


0 1 . 66-h 
]:5 4.33-1- 
26 8.66-1- 
42 ^8.4 
44 8 S 
27 6.75 
0 0 
2 1 

5 1.66-P 
0 0 


11 

13.6 

13.6 


52 

60 

65 


13 


i 


13 ! 

39 i 6.5 ! 

39 ! 6,5 

22 ' 11 
39 6.5 

39 6.5 

63 : 12.6 


63 


12.6 


12.6 

12.6 

12.6 

12.6 

12.6 

U 

11 

11 

12.5 

12.5 

12,2 

12.2 

12.2 

12.2 


Sterile 

Sterile 

Sterile 

Sterile 

Sterile 


Sterile 

Sterile 
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i.’, 

A.M. 7-3 

P.M. 7-3 

4 

A.M. 7-7 

15 

3 75 


f)l 

n 

A.M. 7-3 

P.M. 7-0 

2 

A.M. 7-7 

■ 0 

(1 

- 

fil 

47 

A.M. 7-3 

P.M. 7 5 

2 

A M, 7 7 

H 

5 5 

4 

47 

4t: 

Kve. 7-3 

A.M. 7-5 

5 

A M. 7-7 

: 43 

S.C 

4 

47 

47 

7-3 

A.M. 7-j 

5 

A.M. 7-7 


().2 

4 

47 

4' 

Eve. 7-3 

A.M. 7-5 

0 

A.M. 7-7 

: 30 

0 

4 

47 

4(1 

Eve. 7-3 

A M. 7-5 

5 

A.M. 7-7 

: 24 

4 S 

4 

47 

,i(i 

Eve. 7-3 

A.M. 7-5 

5 

A.M. 7-7 

; 19 

3.S 

4 

47 

7)1 

A.M. 7-4 

Eve, 7-5 

4 

P.M. 7-7 

. 31 

7. 75 

4 

43 

72 

A M. 7-4 

Eve. 7-5 

4 

P.M. 7-7 

17 

4.2,5 

4 

43 

.tJ 

A M. 7-4 

Eve. 7-5 

4 

P.M. 7-7 

20 

5 

4 

43 

-74 

A.M. 7-4 

Eve. 7-5 

2 

P.M. 7-7 ^ 

0 

4 5 

4 

43 

.75 

A.M. 7-4 

Ea'c, 7-5 

4 

P.M. 7-7 

8 

2 

4 

4,3 


A.M. 7-4 

Eve. 7-0 

3 

P.M, 7-7 1 

10 

5 33+ 

4 

43 

" 

A.M. 7-4 

Kt e. 7-5 

4 

P.M. 7-7 

20 


4 

43 

.77 
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8 ]2 

7 

7 1 

4 

8 
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4 
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33 

71 2,15 

i 

13 

23 il,76 


10 

35 3.5 

5 

12 

2 4 

0 

58 f), 44 

5 

17 

(1.4 

0 
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Sfioirltif/ ittj ihc rainixirnlin: |■('J^n)duct^o}l rafea (hat inbreeding race B lu'o siico-. 
finie.'t ilQe-‘f not rebivigorate it 


B ■2su 

fHoM [NBJiKfJDINO B IST 


Youui- V V.i 

Burilienoiieiu'ile 
duui^litet k'ltniles 

On^'^lirUig <p 1 (laughter 
females 

Parthenogenetle 


icrtlllzcd 

i>iit:ilivl 





No 

Tilin' 1911 

Time ion 

.\<i. 

Time 1911 

No, .\v. tto. 

99s j 
i.solatedi 

d. 9.S 
pro 
dticcd 

-■Vv.no. 
d. 9 s 


1 

Kvc. fl 12 

A.M. 6 1.5 


AM, 6-17 

U 0 

5 

25 

5 


:> 

Kvc. O' 12 

A.M. 6-15 

,5 

A.M. 6-17 

2 0.4 

5 

2.5 

.5 


X 

Kvn. ;; 12 

A,.M. 6-1.5 

4 

A,.M. fi-17 

0 0 

5 

2.5 

5 


4 

Kvv. t;-l2 

A M. 6 1.5 

5 

A.M. 6 17 

12 2 4 

5 

2.5 

5 


5 

Kvn. «-l2 

Eve, 6-17 

I.urKe 

9 (lead. 

No y outig. 




Sterile 

(> 

I'N'i'. 6 12 

Eve. 6-17 

Law 

9 (lead. 

No young. 




Sterile 

7 

A.M. 6 -13 

Eve. 6-15 

4 

Eve. 6-17 

9 2.25 

5 

20 

4 


K 

A.M. 6-13 

Evi'. 6-1,5 

5 

Eve. 6-17 

11 2.2 

.5 

20 

4 


!) 

A.M. G-13 

Eve. 6-15 

4 

Eve. 6-17 

8 2 

5 

20 

4 


10 

A.M. 6-13 

A M. 6-17 

3 

A.M. 6-19 

0 0 

5 

.52 

10.4 


11 

A.M. 6-13 

A.M. 6-18 

Eiirnc 

$ dead. 

N(j young. 




Sterili* 

12 

A.M. 6-13 

A.M. 6-19 

Law 

9 (lead. 

No y oung. 




Sterile 

13 

I'lvc, 6-13 

A.M. 6-16 

2 

A.M. 6-18 

.5 2 5 

5 

32 

6.4 , 


14 

Kvi‘. 6-13 

A.M. 6-16 

5 

A.M. 6-18 

15 3 

5 

32 

6.4 


l.i 

Eve. 6-13 

A M. 6-16 

4 

A.M. 6-18 

4 1 

5 

32 

6 4 ' 


Ifi 

Eve. 6-13 

A.M, 6-20 

Larpe 

9 dead. 

No young. 




Sterile 

17 

Eve. G-13 

A.M. 6-20 

Eurcie 

9 (lead. 

No y oung. 




Sterile 

18 

I'N-e. 6-13 

A.M. 6-20 

Ear^e 

9 dead. 

\o young. 




Sterile 

l» 

Eve. 6-13 

A.M. 6-20 

r.fi.rgo 

9 dead. 

No young. 




Sterile 

20 

A.M. 6-14 

Eve. 6 16 

5 

Eve. 6- 18 

8 12 

5 

21 

4 2 ; 


21 

A.M. 6-14 

Eve. 6-16 

3 

Eve, 6-18 

0 0 

5 

21 

4.2 : 


22 

A.M. 6 14 

Eve. 6-16 

1 

Eve. 6-18 

1 0 25 

5 

21 

4.2 


23 

A.M. 6-14 

A.M. 6-17 

5 ; 

A.M, 6-19 

2 0,4 

5 

52 

10.4 i 


24 

A M. 6-U 

A M. 6-17 

5 ‘ 

A.M. 6-19 

2 0.4 

5 

52 ; 

10.4 


25 

A.M. 6 14 

Eve. 0-17 

3 

A.M. 6 20 

15 5 

5 

80 : 

16 


28 

A.M. 6-14 

Eve. 6-17 

2 

AM. 6-20 : 

1 0.5 

5 ' 

80 ■ 

16 


27 

A.M. 6-14 

A.M. 6-20 

UirgH 

9 dead. , 

No young. 




Sterile 

28 

A.M. 6-14 

A.M. 6-20 

Large 

9 dead. i 

No young. 



* 

Sterile 

29 

A.M. 6-14 

A.M. 6-20 

f-argo 

9 dead. 

No young. 

! 



Sterile 

30 

A.M. 6-14 

A.M. 6 20 

Large 

9 dead. 

No y bung. 




Sterile 

31 

A.M. 6-16 

A.M. 6-18 

3 

A.M. 6-20 

: 25 8.33-i- 

5 ! 

67 ; 

13.4 • 


32 

A.Al. 6-16 

A.M, 6-I.S 

4 

A.M. 0-20 ■ 

11 ^ 2.75-h 

5 ; 

1)7 

13.4 


33 

A.M. 6-16 

A.M, 6-18 

4 

A.M. 6-20 

25 6.25 

5 

67 

13 4 


34 

A.M. 6-16 

A M. 6-19 

5 

P.M. 6-21 

0 0 

5 

83 

16.6 


35 

A.M. 6-16 

A.M. 6-19 

4 ■ 

F.M. 6-21 

0 0 

5 

83 

16.6 


36 

A.M. 6-10 

Eve, 6-21 

Liirge 

9 (lead. 

No young. 




Sterile 

37 

A.M. 6-10 

Eve, 6-21 

Large 

9 dead. 

No y oung. 

i 



Sterile 

38 

A.M. 6-16 

Eve, 6-21 

lairge 

9 dead. 

No \' 0 ung. 




Sterile 

39 

A.M, 6-10 

Eve. 6-21 

I. aw 

9 deail. 

No young. 

1 



Sterile 

40 

A.M. C-H5 

Eve. 0 21 

Large 

9 dead. 

No young. 




Sterile 

41 

Eve. 6-17 

A.M. 0-19 

3 

P.M. 0-21 

23 7 66-1- 

5 

S3 

16.6 


42 

Eve. 6-17 

A.M. B-U) 

3 

P.M. 6 21 

32 10.66-1- 

5 

S3 . 

16.6 


43 

Eve. 6-17 

A.M, 6-20 

5 

P.M. 0-22 

31 0.2 

4 1 

62 

15,4 


44 

Eve. 6-17 

A.M. 6-20 

4 

P.M. 6-22 

7 1 7,5 

4 ! 

62 

15.4 


45 

Eve, 6-17 

A.M, 6-22 

Largo 

9 (lead. 

No young. 

1 



Sterile 
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TABLE 7 — Continued 


R2vd 

KERTIUZED EGGii FROM IXBHEKi)r\Ci B IsT 


V.iing9 93 Parthenogonetic 

fllffereiit daughter females 
tVrnliZi'd egga Isolated 


Off spring of datighler 
feriuLles 


]) 

XEW I’AKnti 

^Hl! will) U\. K 
Parthetidgeijitic 


N'i- 

Time 1911 

Time 1911 

Xo. 

Time 1911 

Xo. 

-Av. no. 

9 9s 
isolated 

d. 9 s 
pro- 
dut'ci.1 

A V. 

d. 

9.S 

4^; 

Kve. f)-17 

A.M. 6-22 

Large 

9 dead. 

Xo y 

oiing. 





47 

A.M, 6-19 

Eve. 6-21 

3 

Eve. 6-23 

0 

0 

5 

CO 

13, 


4> 

a m. 6-19 

Eve. 6-21 

5 

Eve. 6-23 

39 

7.8 

5 

66 

13 


4'.i 

A.M. 6-19 ; 

Eve. 6-21 

3 

Eve. 6-23 

0 

0 

5 

66 : 

13, 



A.-M. 6-19 

Eve, 6-21 

4 

Ev(a 6-23 

26 

: 6.5 

5 

06 ' 

13, 

“ 

jl 

A.M‘ 6-19 

Eve. 6-21 

4 

Eve. 6-23 

33 

8.25 

5 

66 : 

13 

2 

0l 



127 


345 

2.71 + 

150 

1622 ; 

10. 

2 

31' 



127 


345 

2.71 + 

54 

atlS 

!l. 

4 


11 mm ary 


t he exact 
mimber of 
fertile Indi- 
vl(lu:iUii.<ied. 
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T.\BLE 8 

Shou'ing hy the comparative reproduction rates that crossing the two races A ar^i p 
causes a reinvig oration of the ensuing hybrid race 

A 408 X B 2nd . i 

FhllTlI.lSIiD EOG» FROM THE FBOBABLE CRO»»INO OF RA.CE A, D [ 

FARTHESOOEVETIC GENERATION 408 + AND RACE B, NEW PABTHENOOE- i 

AITER ISBKEEDINO TWICE, IN A MIXED CCl.TUKE NETIC WILD RACE 

OF THE TWO RACES IN A BATTERY JAR i 


f„':r';>VUc.« 0.5,pr,„go, daughter ! 

fiirtHtol cKKs Isolated iuuHUs 


Nil TtiiuilOll Time 1911 No. Time 1911 a\o, pro- '• no, 

no. isolated; ^ 


1 

aM. 5 22 

Eve. 5-24 

5 

A.M. 5-27 

53 

10,6 

5 

62 

12.4 


2 

M. 5*22 

Eve. 5-24 

5 

A.M. 5-27 

62 

12.4 

5 

62 

, 12.4 


3 

Kve, 5*22 

Eve. 5-24 

5 

A.M. 5-27 

54 

10 8 

5 

62 

' 12.4 


4 

Eve, 5-22 

Evo. 5-24 ‘ 

3 

A M. 5-27 

42 

14 

5 

62 

12.4 


5 

Eve. 5 -22 

Eve. 5-24 

5 

A.M. 5-27 

46 

0.2 

5 

62 

12.4 


6 

Eve. 5-23 

Eve, 5-27 

5 

Eve. 5-29 

15 

3 

5 

40 

: 8 


7 

Eve. 5-23 

Eve. 5-27 

5 

Eve. 5-29 

31 

6.2 

5 

40 

: 8 


8 

Eve. ,5-23 

Eve. 5-27 

5 

Eve. 5-29 

48 

9.6 

5 

40 

■ 8 


9 

Eve. 5-24 

Eve, 5-27 

5 

: Eve, 5-29 

31 

6.2 

5 

40 

: 8 


10 

Eve. 5-24 

Kve. 5-27 

5 

: Eve. 5-29 

40 

8 

5 

40 

8 


11 

Eve. 5-24 

Kve. 5-27 

3 

: Eve. 5-29 

6 

2 

5 

40 

8 


12 

Eve. .5-24 

Eve. 5-27 

3 

Eve. 5-29 

21 

7 

5 

40 

8 


13 

Evo. 5-24 

Eve. 5-27 ' 

4 

Eve. 5-29 

35 

8.75 

5 

40 

^ 8 


14 

Eve. 5-24 

Evo. 7-28 

Lar ge V alive. 

No young. 



. 

Stem,. 

13 

Eve. 5-24 

Eve. 5-27 

2 

: Eve. 5-29 

15 

7.5 

5 

40 

^ 8 


16 ! 

Eve. 5-24 '■ 

Eve. 5-27 . 

4 

Eve. 5-29 

24 

6 

5 

40 ■ 

^ S i 


17 i 

Eve. 5-24 ■ 

Eve. 5-27 ^ 

3 

1 Eve. 5-29 

17 

5,66-!- 

5 

40 

■ ® 1 


,8^j 

Eve. 5-24 j 

Eve. 5-27 


Eve. 5-29 ’ 

11 

2,2 

5 

40 

i 8 


18 

i ■ ; 

1 


72 


551 

:.6+ 

85 

790 

^ 9.2+ 1 

[ Summary 

17 

1 

' 

1 

r " 

i 

j 

72 


551 

7.6-F ; 

10 ^ 

102 

10,2 

1 Summary 
of exact 
number of 
Indlvlittials 
used 

14 

1 

1 


59 


519 

8.79 1 

10 

i 102 

i 10.2 

Summary 


after elluiS- 
nation of 
nos, () 11, 
and 18. 
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Later this assumption was doubted and the possibpity was 
recognized that this reinvigoration might be due to external con- 
ditions. Consequently further experiments entailing great care 
were carried out in which every fertilized egg obtained was known 
for a certainty to have been fertilized by the sperm of the other 
race. Separate new cultures of the two races were made in 
several battery jars at the same time. After a few days many 
males appeared in both races. Then several thousand females 
of each race were isolated in separate watch glasses and soon 
produced l)oth female and male parthenogenetic eggs. These 
eggs were transferred to other watch glasses containing food 
culture water and allowed to hatch. At this period of hatch- 
ing the eggs of both races were continuously watched and the 
young females and the young males were isolated as soon as 
they left the egg membrane thus preventing any fertilization by 
males of the same race. Scores of young females and dozens 
of young males were isolated from each race and then the young 
males of one race w^ere placed in the dish containing the young 
females of the other race. Copulation soon took place and later 
some of the females at maturity produced the thick-|helled con- 
s]jicuous fertilized eggs. Such females were readily ^ distinguish- 
able, by the general appearance of the enclosed eggs, from the 
parthenogenetic females, and were isolated in separate dishes 
containing food and allowed to produce as many fertilized eggs 
as })ossible. By this method several dozens of cross fertilized 
eggs were obtained. Eggs of race A were fertilized by the sperm 
of l ace B and eggs of race B were fertilized by the sperm of race A. 

Twenty-four of these cross fertilized eggs were hatched thus 
starting twenty-four separate races. The immediate offspring 
of each of these races consisting of parthenogenetic females were 
cared for and the reproduction rates of eighty-four parthenoge- 
netic daughter-females from these were determined. At the same 
time the rates of reproduction of the A and B race after the third 
and fourth successive inbreeding respectively were determined 
and also that of the control race, E, All fertilized eggs in tliese 
reciprocal crossbreeding and the third and fourth successive 
inbreeding experiments of races A and B were produced in the 
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miie week, rested from two to three weeks, and then were hatclied 
jfi the same period of time, two to five days. Tables 9, 10 and 
11 give the details of the experiments and table 13 shows the 
general results in a summary of these three tables together with 
table 8. From these tables it is seen that the reproduetioji rate 
of the two crossed races irrespective of the manner of the (*ross 
approaches very ‘closely to the reproduction rate of race E; 
while the reproduction rates of each of the two races which had 
been inbred were very much lower. This set'ms to be positive 
proof that in crossing two weak races the resulting race which 
develops from the cross-fertilized egg has its general vigor or vitab 
ity greatly increased. 

The high reproduction rates of the two wild parthenogenetic 
races D and E and of the parthenogenetic races .1 , B and C at 
their beginning, is probably due to the cros.s-breeding of ditferent 
races in the .same jar. Races A and B were sister races do^■eloping 
from the same parthenogenetic mother which originally dev(‘l- 
opod from a fertilized egg. If after an interval of about thiee 
hundred generations each of these two sister races becomes u 
distinct raeg, as is shown by their different rates of rejiroductioii 
nncl also by the effects of in- and cross-breeding, it is reasonable 
to .suppose that in a general culture jar standing foi’ two to thrcM' 
years many different races are constantly appearing and inl)nMMl- 
ing. Consequently all fertilized eggs taken from such a jar will 
develop into races each having a high rate of reproduction. Jt 
has been previously stated that races A and B oiiginallydiU'eb 
oped from one fertilized egg taken from a wild culture jar. Hac(‘ 
C was taken from a wild culture jar and races D and E developed 
from fertilized eggs which were taken from the same general wild 
rotifer culture jar that was made in October of 1908. All of these 
race.s used came from a general culture of rotifers which was orig- 
inally collected in a certain ditch in Grantwood, Xe\v Jersey, in 
October of 1906. 

Shull in his experiments in crossing the New York race with 
the Baltimore race of Hydatina senta caught .sight of this same 
fact that cross breeding t^vo race.s increases the rate of reproduc- 
bon but he was not certain of its validity. His table 37 prob- 
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ably proves it; but as only the descendants of one cross fertilized 
egg were studied and since there was a lack of all time data and 
a failure to record the number of parthenogenetic mothers used 
in each generation, this table can not be taken as very conclusive 
evidence. This tentative conclusion of ShulFs was not known 
until after nearly all the above results of this paper were ascer- 
tained. 

Castle and his collaborators in breeding experiments with Dro>- 
sophila state that: 

A cross between two races, one inbred for thirty or more generations 
and of low productiveness, the other inbred for less than ten generations 
and of high productiveness, produced offspring like the latter in produc- 
tiveue.ss but not superior to it. The same t^vo races crossed after an 
additional year of inbreeding (about twenty generations) produced 
offspring superior to either pure race in productiveness. 

This seems to be in the final results a case parallel to that of 
Hydantina sent a. When two races have been closely inbred, 
like brother and sister for many generations or even when two 
races have been bred parthenogenetically, which is the extreme 
of inbreeding, for many generations they show in cross-breeding 
a great increase in productiveness of offspring which is superior 
to that of either of the parent races. 

The effect of inbreeding among animals has been of consider- 
able interest and is of great practical importance; but even at the 
present time there is much diversity of opinion in regard to the 
matter. The relation of inbreeding to sterility has been observed 
in experiments upon mammals by Crampe, Bos, and Guaita; 
upon birds by Tabre-Domengue. They all found the relation to 
be a causal one, continuous inbreeding, as of brothers and sisters, 
resulting in a decrease of fertility, accompanied more or less by 
lack of vigor, diminution in size, partial or complete sterility, and 
pathological malformations. 

In inbreeding experiments upon the pomace-fly, Drosophila, 
Castle and his collaborators state that ^‘inha-eeding probably re- 
duces very slightly the productiveness of Drosophila.” 

Moenkhaus has recently completed inbreeding experiments 
upon Drosophila in which he has inbred brothers and sisters for 
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^eventy-five generations and found no increase in sterility or a 
(Icrrease in vigor. Perhaps if these inbreeding experinients can 
be carried on for two to three liundreds of generations tliere may 
appear an increase in sterility and general debility. In Hydatina 
at the 75th parthenogeiietic generation there was no notice- 
■ible decrease of vigor; but much later it gradually appeared as the 
peiierations increased and the race became older. 

SUMMARY 

1. Two distinct sister parthenogenetic races of Hydatina scuta 
characterized by the difference in their rates of reproduction and 
general vigor were developed from one original parthejiogenetio 
race under identical external conditions. 

2. Races of Hydatina senta allowed to reproduce partlienoge- 
nctically for 384 generations, extending through a period of 
twenty-nine months under identical environments, showed a 
gradual decrease in their rates of reproduction. This was as- 
sumed to signify a decrease in the general constitutional vigor or 
vitality of the race. 

3. Successive inbreedings of the weakened parthenogenetic 
sister races, one to four times, caused a slight increase in their 
reproduction powers. 

4. Reciprocal cross fertilization or cross-breeding of such weak- 
ened parthenogenetic sister races of Hydatina senta caused a 
sudden and very pronounced increase in tlie reproduction rate 
of the ensuing race. This show’s that cross fertilization of the 
two weakened races greatly reinvigorated both races and prob- 
ably restored them to their normal vigor which they possessed 
when they started from the original fertilized egg. 

5. The high reproduction rates of new races of Hydatina senta, 
developed from fertilized eggs which were taken from the sam(i 
general wild culture jar that had been standing at least for 
twenty-nine months is due probably to cross-breeding of different 
races. These different races may have been introduced into the 
culture ^vhen it w^as started or they naay have developed since 
ironi the original race, 

January 2, ]912. 
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the olfactory reactions of the I^UFFER ()K> 

8WELLFISH, SPETEROTDES ^IA(TI.ATrs (HEOCll 
AND SCHNEIDER) 

MANTOX COPELAND 
Bowdoi?! Coll&ie, Brunan'ick, Maine 

The opinion has long been held that the olfaetoiy oi-gans of 
fishes are concerned with a sense of smell, and that many specaes 
Duiko considerable use of this sense in locating food. Only 
recently, however, has this view been substantiated l)y i)hysio- 
logical evidence. Parker (/lO) was the first to descrif)e rcaiclions 
of fishes which were unquestionably dependent on tin* stimulation 
of the olfactory apparatus by odorous substances. The specii's 
studied was the fresh water catfish, Amiuiais nebulosus. Tin' 
following year Parker (HI) tested the coimnon killifish, Inmdulus 
heteroclitus, and Sheldon (HI) the smooth dogfisli, Must el us 
catiis, for the sense of smell, and obtained Tuarkod response' to 
olfactory stimuli frqm each. A few weeks spent at the Hiologicai 
Laboratory of the United States Bureau of Fisheries at Moods 
Hole, 'Massachusetts, afforded me opportunity to study the sense' 
of smell ill the puffer, Spheroides maculatus, with the following 
results. I wish to express my thanks to Dr. F. B. SiimiK'r, Direc- 
tor of the laboratory, for many kindne.'^ses I’cceived during my 
-'tay. 

The olfactory apparatus of the puffer is not of the type most 
oiininonly seen in the higher fishes. Each nasal chamber occu- 
pies the interior of a papilla which rises about 4 mm. above the 
surface of the snout, antero-mediad to the eye, and is jiro- 
vided with two smalL circular apertures, one anteiior in position, 
m\ the other situated at the end of a rather poorly marked cylin- 
drical extension directed latcrad. , Botli apertures seem to be con- 
‘iantly open. 
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By testing a resting fish with carmine suspended in water, I 
was unable to discover any evidence of a current passing through 
the olfactory chambers, neither of the intermittent type dependent 
on respiratory movements common in many fishes, nor of the 
continuous kind produced by cilia, as described by Parker (M(jj 
in the catfish. If, however, a colored solution is gently forced into 
one of the olfactory apertures by means of a pipette, it readily 
passes through the chamber and out the other aperture. I am 
led to conclude, therefore, that the forward locomotion of the 
puffer forces water through the anterior openings of the nasal 
chaml)ers and out the lateral ones, and at that time conditions are 
most favorable to the stimulation of the olfactory cells by odorous 
substances. That, in truth, the puffer is seldom at rest, when in 
captivity at least, is readily apparent after a few hours observa- 
tion of its habits in a large aquarium. The elevated position of 
the nasal chambers is well adapted to the formation of water 
currents through them by forward locomotion. When a fish is 
swimming rapidly back and forth in an aquarium the olfactory 
organs become directed backward slightly, as it progresses througli 
the water, but become erect as it turns in its course. At first. 1 
believed that this inclination of the nasal organs was indicative 
of the force of impact of the water against them. I subsequently 
discovered, however, that this is not necessarily so, as the same 
result could be obtained by making a threatening gesture in front 
of the fish. 

Preliminary tests to determine whether the puffer would react 
to concealed food were begun upon eight to twelve fishes, which 
occupied one of the large observation aquaria of the Station. The 
method of experimentation was essentially like that of Parker 
(TO, T 1) , and Sheldon (T 1) . Two cheese cloth packets of similar 
appearance, one containing meat of the smooth dogfish, Mustelus 
canis, and the other filled with cheese cloth, were suspended some 
distance apart in the aquarium. The presence of food in one of 
the packets could be detected by the fish only through the stimu- 
lation of its chemical sense organs by material emanating from 
the meat. In several tests the packet' containing meat was 
quickly seized and bitten open, whereas the other, although some- 
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times bitten, received less attention and never was opened, 
packets made of cotton cloth were substituted for of rlioese 
cloth, similar results were obtained; i.e., the one with meat was 
bitten open, the powerful jaws of Spheroides cutting througli the 
cloth as if it had been tissue paper. From these tests it became 
evident that, in order to obtain any extended series of reactions 
to the packets, they must be constructed to withstand a severe 
biting as well as permit the escape of odorous material. Tliis 
end was accomplished by covering with cheese cloth a i)air of 
tea strainers made of tin and fine wire netting, one of which was 
filled with dogfish meat, and the other with cheese cloth. The 
fi^h were not adverse to biting such an object, which was at the 
same time flexible and impossible to tear apart, and, accordingly, 
thp^' were used throughout the experiments to be desci-ibed. 

With two packets reconstructed in thi.s mannc!- I again pro- 
ceeded to test the fish, about a dozen in number. For fifteen 
minutes after the packets were suspended in the aquariiun, the 
puffers bit actively at both, but decidedly more at the one con- 
taining meat. At the end of that time, they were observed for 
one hour, and a record was kept of the number of times eacli 
packet was bitten, the relative positions of the two being changed 
every fifteen minutes. The packet containing meat received 
42 bites, the one with cheese cloth 4. These tests show con- 
clusively that the puffer is able to discover concealed food. 

That sight plays an important part in the search for edible 
substances is made clear from the fact that the packet of cheese 
cloth is occa.sionally seized by the hungry fish. Moreover, if a 
wad of filter paper attached to the end of a wire is drawn through 
the water, it is pursued and taken into the mouth as eagerly as 
if it were meat. But, whereas the meat is always swallowed, the 
filter paper, although often drawn into the mouth several times^ 
b ultimately discarded. Similar reactions were olisei’ved by 
Parker (Tl) in the killifish. That sight will not explain tlieir 
final discrimination between edible and inedible material is (piite 
evident. 

1 next planned a series of experiments to ascertain the part 
played by the olfactory apparatus in the reactions of the fish to 
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hidden food. Four puffers were isolated in an aquarium, and 
their iiormal reactions to the two packets were first recorded. As 
in previous experiments, fresh dogfish meat was always used for 
food, and tlie positions of the baited and unbaited packets wore 
exchanged every fifteen minutes. During the first test hour 
when the fish were very hungry, the packet wdth meat was bitten 
119 times, and the cheese cloth packet 18 times. At the end of 
the experiment the fish were fed, and three days later they were 
again tested for an hour: G7 bites at the baited packet, and 8 at 
the other one resulted. It now became necessary to eliminate the 
olfactory organs, to repeat the tests Avith the packets, and com- 
pare the results with those set forth above. To render function- 
less the olfactory apparatus of Spheroides was. a comparatively 
easy task, involving no cutting of nerves or stitching together 
of nares. A silk thread, tied by a single knot around each organ, 
contracted the olfactory chambers so as to prevent effectually any 
flow' of water through them. 

About two hours after the close of the test last described, the 
nasal organs of the four puffers were tied in this manner. An 
hour later they were snapping small pieces of dogfish meat from 
the end of a wire in perfectly normal fashion, and soon afterward 
I tested them for an hour with the two packets. At no time did 
th{‘y pay any attention to either, although they eagerly seized 
small pieces of meat dropped into the aquarium, or offered to them 
on the end of a wire. Eighteen hours later the test was repeated 
with similar results. As the packets Avcrc being suspended in 
the aciuarium, the one containing cheese cloth was bitten twice l)y 
one of the fish, an evident visual reaction, but at no other time 
during the hour was either touched. The fish swam about in a 
characteristic manner, and, on being tested with meat fragments 
sh(,)wed they Avere hungry. There Avas nothing in their behavior 
to indicate that the contracted state of their olfactory organs 
in itself at all disturbing. At the conclusion of the test the threads 
Avei’e removed, ami, as might be expected, the nasal organs 
appeared considerably distorted. On the folloAviiig day the 
failed to react to the packets. Two days later, however, after 
sufficient time had elapsed for the recovery of the injured part^ 
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re:i,'rions to the packets again resulted, cliaracterizcd by uoriua] 
.li^crimmation between the two. In a, fifteen Munute'tesf tile 
I, ailed packet was bitten 28 time.s, and the other one twice 
These experiments .show that reactions to concealed food' cease 
will'll the olfactory apparatus is rendered inoperative, and are 
le-umed only when the organ.s again become functional' ' 

A ueek later the foregoing experiiuent.s were repeated, and an 
attempt made to hasten the reco\'ery of the olfactory organs i,v 
shiirteuing the time during which they were to be tied T'wo of 
the four puffers previously tested were isolated in an aipiarimn 
and allowed to become hungry. They then reacted in an essen- 
tially normal way to the two packets, biting the one with meat :t4 
times, and the other 10 times in one hour. For eleven ininulcs 
after the packets had been su.spendcd in the aquarium, no ajiiaar- 
«it attention was given them, although both tish were luis.sin.r 
and repassing them constantly. Suddenly one of the jiiilTers ap- 
pniached the packet containing meat ami bit it. It was a reaet'ioii 
which any unprejudiced observer would have called olfa'ctorv. 
.Vftcr this test, the na.sal organs were tied, and about two lmur-1 
later the fisli were again tested for an hour. The thread which 
mmiunded one of the organs dropped off shorth- before thi' test 
was made. Neither of the packets was touched,' although liefore 
and after the test both fish ate pieces of meat from the end of ‘i 
'virc 111 their habitual way. The threads were imracdiali'lv rc- 
inm ed, and, oji the following day, they were gi\'cn two oiie-'hoiir 
tests with the packets. No reactions to either resulted Forty 
Iwurs after untying the threads they were again tested. One of 
die fish bit 8 times at the packet with moat and 5 times at the 
<w made of cheese cloth, whereas the otlicr fish ignored Imtli, 

-le 1 ate actively from the end of a wire at the conclu.sion of tlie 
tost, 

Mibscquent examination of the condition of the nasal organs 
01 those two puffers showed that such behavior miglit have been 
«l>ected, If concealed food is scented by means of these organs 
o h organs of the fish which failed to react were so badly crushed 
y he stmond tying that they could not have been functional aftcr- 
le second puffer, however, showed one orgtiii substaii- 

the JOt hval op 
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tially normal, the other somewhat distorted, a condition of thr» 
olfactory apparatus which might well allow stimulation of sujfj, 
cient strength to call forth a response as described above; oiie 
weak in character, in which discrimination between the two pack- 
ets was less marked than normally. 

The tests here recorded show that the puffer approaches aiu] 
bites a packet containing concealed food many more times than 
it does one filled with cheese cloth; secondly, that these reac- 
tions cease when the olfactory apparatus is rendered inoperative 
(although pieces of meat are eagerly taken when seen) and, thirdlv, 
that the ability to discriminate between the two packets is re- 
gained when the olfactory apparatus again becomes functional. 

I, therefore, conclude that Spheroides maculatus responds to a 
stimulation of its olfacitory apparatus by substances in dilute 
solution emanating from concealed dogfish meat, and, that it 
discovers hidden food by the sense of smell. 
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SIZE INHERITANCE IN DIT'KS 


JOH\ C, PHILLIPS 

From the Lahoratory of Genetica of the Bussey fnslitniion.^ 

The inheritance of size in animals is a question of p:?*eat thoo- 
retical interest, but difficult to analyze. 

Lock (^06) in the case of maize showed that height of the plant 
is not inherited as a simple Mendelian characte?*. Castle (’1)9) 
showed the same to be true of the weight and of various skeletal 
dimensions of rabbits, and characterized such inheritaiuM' as 
blending. 

(Ihigi (^09) referring to a cross which he made between Paduan 
fowls and bantams stated that in size of body and of eggs pi'oduced 
the (Fi) cross-bred individuals were intermediate betwi'cn tlu' 
parent races, and that later generations showed no tendency to 
return to the conditions found in the parent races. Tlu' mimb(U’ 
of animals studied by Ghigi was small and no groat stress was 
laid upon the point of non-segregation, 

Emerson (’10), however, after a more detailed and exact study 
of the inheritance of height in maize, and of several other size and 
shape characters in gourds, found that while Fa was strictly inter- 
inodiate between the parents and no more variable', F 2 showed a 
greatly increased variability, which he interpreted as “merely 
a mathematical way of expressing the fact that the F 2 individuals 
exfiibit marked segregation of size and shape chaimctcrs.” Such 
an interpretation was made possible by the discovery b}^ Xillson- 
Ehle (’09) and by East (TO) that a Mcndclizing character may 
have multiple germinal representation, in which case, tliough 
physiologically a single unit-character, it rna}^ produce dihybrid, 
trihybrid, or even more complex Mendelian inheritance ratios 


’ Contribution No. 12. 



870 


JOHN C. PHII3UPS 


in Y If ill -^urh cases tlmninmice is lacking, an apparently blend- 
ing inlieritanco results, attended in F. by no increase of vara,- 
■ bility, but in Fo by gri-atly increased mriahhty. 

Xuw this, as Emerson has shown, is exactly what happens in 
si/e inheritmice in plants. Such cases are therefore open to in- 
teriiretation as Mendelian inheritance without dominance in 
which uiori' than a single unit character is involved. The the,,- 
rctical aspects of the matter have been fully discussed by Laim 

(’10) and Castle (Tl). , • * 1 1 t, r 

The following preliminary results (summarized in table 1) Irom 

a cross between two different size races of ducks show indications 
;,f scgivgation in body weight. .\s it will be some time before 
further data can be added, it is thought worth while to record the 

expcrimenl as far as it has progressed. 

\n experiment of this sort, based, as it must bo, on the perfect 
health of the animals, is necessarily subject to a serious source of 
error Larger numbers than have yet been obtained are there- 
fore desirable, and it is hoped that these may be had m future 
seasons The season of 1 91 1 was very dry and hot and may ha\ (> 
had some c-ffect on the variability of the F. generation. It w:is 
certainly not favorable toward fertility in duck eggs. The 1, 
generation is much too small and an attempt will be made to 
obtain largiu numbers, using as mothers random females from the 
small race. Tarsus and bill measurements will also be taken tn 
su])pleiuent the weights of the animals. 

M.\TERIAL 

Ducks were chosen for this purpose because it is possible among 
them to obtain two races greatly different in size, and yet produc- 
ing fertile hybrids. Important also is the fact that the young can 
be raised in' large numbers during a single definite growth season. 
Maturity is reached <iuickly, and entire lots can be ki e am e 
amined at the same age. It is possible also to raise d he ui 
groups or generations during the same season, thus proxiding ■ 
check upon environmental effects. 

The large French Kouon duck was chosen for the large p ■ 
and the common domestic mallard for the small parent. 
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The orif?inal Rouen stock consisted of two males and four fr-. 
mal(?s. Th(‘y were obtained from a dealer in April, 1910, but wvrf- 
tu)t m^ghed until the following fall. During the summer <>i 
1910 two males and five females were raised from the original 
stock, while in 1911 six males and nine females were brought m 
maturity from the same source. These twenty-two birds (s<‘c- 
ond and third generation, Rouen stock, table 1) were killed and 
wfdghed at the same time as the F/s and F 2 ’s, so that a defiiiite 
control might be obtained. The mean weight of^ the Rouen 
i-ac(‘ was calculated from these twenty-two individuals. For 
th(‘ males, it w'as found to be 2321 grams; for the females, 22.^7 
grams. The original Rouens were not included in this calculation, 
because when weighed for the first time, at one and one-half 
years of ag(', they were very fat and not directly comparable with 
tlKdr offspring. Their weight was 16 per eent greater than tli^ 


iij pure large race, Rouen 

MM.tS FKMAtKS 


Ago 


f 

, J 

Original stock ' 


Second generation (1010) 


<1 o months 

i. 


Third generation (1911) 


j months 


Grail'S 

Irratiii! 

2600 

2220 

2980 

2290 


2770 


2870 

2470 

2220 

2600 

2300 


2370 


2420 


2670 

1980 

188.5 

2162 

1990 

2252 

2005 

2260 

2105 

2335 

217.5 

2512 

2200 


2202 


2230 


2-160 
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nuaii of all their offspring. It seems prob<able that the mean 
^vciijht of the Rouen stock as here used is rather too small. Ma- 
turity is probably not reached quite as soon by tins huge bnu^l 
by the smaller breeds and the very vigorous Fi cross-bred birds. 
The mallard stock was obtained from one hundred and twenty- 
ti\ e eggs received from a game preserve in Xew Jersey in tlie spring 
,,f ] 009. From these eggs sixty-five birds were raised to maturity. 
In 1910 part of this original stock produced one hundred and sixt y 
iiiMllards which were raised to maturity. Most of these were 
killed off and Weighed in three lots, October 13, October 22 and 
Xovember 10 (table 3) , A comparison of the weiglits showed t hat 


TABLE 3 

Weigh! (if jKtre S)/Kill r<ice, nutfldid 


AGK 


\\ inontli.s, 


Moan 


( irrllilS 


f 84o i 

Sin 

S64 

864 

892 

874 

8‘)6 


910 

.895 

91G 

896 

9,44 

970 

944 

994 

973 

1005 

1024 

1039 

J0C4 

1018 

1074 


' 1094 


1 1096 


1100 


j 1112 


1 lllo 


1 1140 


1 


1180 


1222 ; 


[ 1313 


1039 ' 

935 
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TAliLE li— Continued 


months, 


I 

I 


Moiin 


Og months 


Mean 


Mean all a}]te.s 


Crams 

Cram* 

870 

770 

900 

855 

905 

855 

920 

840 

948 

860 

930 

875 

990 

890 

900 

942 

1080 

945 

1100 

950 

1105 

952 

1105 

960 

1110 

91)3 

1115 

970 

1115 

970 

1130 

985 

1145 

993 

1150 

1002 

1155 

1020 

IISO 

1010 

1185 

1045 

1185 

1090 

1190 

1090 

1225 


1250 


1076 

909 

S05 

920 

935 

925 

960 

925 

1030 

056 

1030 

960 

1035 

960 

1130 

950 

IIGO 

1035 

1160 

1045 

1180 


1250 


1312 


WS9 

967 

1068 

92S 
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tho birds had practically gained their adult size by October 22 

Tlie mean weights of the three lots is as follows. 

afcX OCTQBKKli^ Om)IU’.n2L’ V<n KMHr u !(l 

1076 

935 9;17 

This stock of mallards is the pure semi-domestic Aiuis boschas 
used in the English game preserve.s. They are perhaps slightly 
larger than pure wild mallards, which average about 1000 grams 
for the males, depending somewhat on food supply; (no^larc^i' 
series of the weights of wild mallards is at hand). 


M.yTINGS 

In the spring of 1910 three female mallards taken at. random 
from the original stock were mated with one of the Kouen stock 
males. At the same time two female Rouens were mated with 
a male mallard, but the two settings of egg.s which were obtained 
from this last mating proved tobcentirely sterile, due undoubtedly 
to the small size of the male bird. While on tho subject of this 
attempted reciprocal cross, it might be well to state that there is 
probably little or no error introduced into the experiment on ac- 
count of a difference in size of the eggs in the two races, d’he 
lengths of seven Rouen and seventeen mallard eggs were measured 
ill 1909. There is a good deal of variation in the eggs of both 
strains, and an overlapping of the two variation curves. The 
Rouen eggs arc roughly 2.40 inches in length and the mallard eggs 
2.25 inches in length. 

The Fi eggs from the mating male Kouen X temale mallard 
\UTe set in two lots and hatched on the same date, May 29. They 
'\pre reared under hens in exactly the same place and under the 
same conditions as the two parent classes. Both this group and 
the birds were banded. These birds, ten males and thrc(‘ 
Umales, were weighed October 29, at the age of five months. 

H* class IS obviously too small, but as far as it goes it shows a 
t'ewarkable uniformity. Between the largest and smallest males 
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there is a difference of only 200 j^rams. The coefficient of varia, 
bility (c. v) is 5*82 for the males and 3.43 for the females. 

In 1011 an attempt was made to raise another lot of Fj's bm 
only two fertile egf^s were obtained and these were discard^n]. 

The Fa generation (table 4) was obtained by mating the tlirw- 
Fj females, Nos. 83, 101 and 106, to male No. 105. This 
is slightly above the mean size of the Fi males, which fact perhaps 
accounts, in part at least, for the larger size of the F 2 mean, as 
compared with that of the Fi. The eggs from this mating werr- 
s(4, in three lots, May 20, June 8 and June 15. The entire class 
was killed and weighed on October 29. The ages therefore varied 
from one hundred and tliirty-four to one hundred and fifty-one 
days. The mean weight of the seven youngest males, hatched 
June 15, is 1738 grams, as against 1863 grams for nine males 
hatched May 29, a difference of about 7 per cent. This shows 
that adult weight is very nearly reached at four and one-half 
months of age. 

A glance at table 4 shows the very remarkable variation which 
these F 2 ’s exhibit. There is an actual range of variation in weight 
of 887 grams among the males and of 650 grams among the fe- 
males. The smallest male, No. 158, is of substantially the same 
weight as the largest pure mallard. The largest F 2 male, No. I7d, 
is only slightly smaller than the mean of the pure Rouen males for 
1911, the difference being only 2 per cent. 

The F 2 coefficient of variation is 12.07 for the males as against 
5.82 for the Fi males, while the Fo females have a coefficient of 
variation of 1 1.07 as against 3.43 for the Fi females. 

It is interesting to note that the coefficient of variation is larger 
in the males than in the females, in all groups except the pure 
large race, where the reverse is the case. 

GEiNEllAL CONSIDERATIONS 

A fuller statistical analysis of the foregoing data may help 
to make their significance plain. For this purpose the observed 
weights may be classified in a variation table. Since males are 
on the average heavier than females, it is evident that separate 
tables must be made for males and females. Let us take the mean 
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TABLE 4 

JVeigAfs of Fi Animals ^cken jivc months old, 1910 


MALES LKSfAlfK 


No, 

Grams 

Xo. 


S4 

1470 

S3 

1570 

85 

1660 

101 

1530 

86 

1600 

106 

lG»iO 

87 

1670 



100 

1740 



102 

1740 



103 

1650 



104 

1770 



105 

1720 



107 

1630 




1665 


15S7 


TABT.K 5 

Weights of F> Animals, 1911. 


No. 

Age, daj'S : 

Grams 

Xu. 

Age, 

( ir.irnsi 

158 

151 i 

1320 ; 

161 

151 

1325 

161 

151 

1067 

165 

151 

1527 

166 

151 1 

2060 

167 

151 

1S75 

170 

151 

1885 

168 

151 

1697 

171 

151 

2035 

169 

151 

1975 

175 

151 

2207 

172 

151 

1295 

176 

151 ! 

1815 

173 

151 

1603 

177 

151 , 

1847 

180 

151 

1895 

178 

151 1 

1632 ^ 

181 

151 

1650 

189 

151 i 

1725 

182 

151 

1675 

200 

141 

1 1482 

183 

151 

1045 

214 

141 

2007 

186 

151 

1717 

215 

141 

i 1583 

187 

151 

1672 

217 

134 

1 1760 

199 

141 

1410 

223 

134 

I 1667 

222 

134 

1572 

224 

134 

1 1660 

229 

131 

1615 

303 

134 

i 1720 





Mean | 1781 1634 
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woights of each pure race as class means in a variation table, which 
shall contain a convenient number of intermediate classes, 
seven. Tables may thus be constructed separately for each sex 
(tables 6 and 7). 

In both tables the variation of the pure races is seen to bo about 
classes 2 and 10 as their respective modes. Indeed the tabb 
were constructed with that end in view, the observed moans oi 
the weights being made the means for classes 2 and 10. Since 
further the number of intervening classes is the same in both 
tables, these tables may legitimately be combined, class by cla>s, 
to obtain a table of weight distribution for both sexes, which 
however will be free from any serious error^ due to the fact that 
the two sexes differ in size. Such a combination table is table 8. 

From an examination of these tables it is clearly seen that il.i 
the Fi animals vary closely about the middle class, 6, exactly 
intermediate between the parent races. The extent of variation 
of the Fi animals is small. (2) the F 2 animals vary about the 
same intermediate class, 6. The amplitude of variation of the 
animals is greater than that of the Fi animals, but does not ( x- 
tend beyond the nearer limit of the respective grand-parent lil 
races. In the 33 F 2 animals studied no variate occurs which is :is 
small as the mean of the small race or as large as the mcan ()f the 
large race. No case of complete segregation occurs. (3) The iis 
creased variability of ¥2 as compared with Fi may be regarded as 
due to partial segregation of genes having multiple representation 
in the gamete, or as due to modification of gametes in other ways 
as a result of their association in Fi zygotes. The evidence at 
present available is insufficient to decide between these contrasted 

views. Tit 

In conclusion, 1 wish to express special thanks to lro[ps^ll^ 

('astlo for valuable help in correlating the results of this exper- 
iment. 

■iTIiis difficulty was met by Gabon ('89, Natural inheritimoe) in a diftewt 
wav which however would for our present purpose, it is thought, be au ■ ^ 
as 'well as more laborious. Finding that the average male ;»^«asurmcnt 
greater than the corresponding average female measurement he asccit.i _ 
ratio of the two to each other and then converted all female measuremcii ^ 
equivalent male mciisuiemenls by multiplying by this rat'o. 
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TABLK 8 


Weight dialr ibulion of male and female dur.ke combined 


Clii.Hs iiuriilipr . 

1 2 3 4 

0 6 

1 

7 8 1 

1 9 10 

PvOUOn. . 

.Mallard 

Fr... 

23 ol 23 2 

2 11 


3 9, 



3 

3 12 

7 S 
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( AX THE SPERMATOZOON DEVELOP Ol'TSIDE 
THE egg;’ 

JACQUKS LOEB and F. W. liAXCKOFT 
" From (he Hockefellpr.InslKuie, Xpu' York 

ELEVEX FIGURES 

I. ixtrodi:(::tio\ 

The experiments on artificial parthenogenesis have shown flmt 
aFi egg which nahirally cannot develop without sperm c:m !)(' 
caused artificially to develop without being fertilized by sperm. 
It is natural to raise the question whether a spermatozoon can 
he caused to develop into a larva without an egg. The ex])eri- 
uK'iits on merogony prove that a fragment of the egg dejirived of 
a nucleus can develop into a larva if a spermatozoon eiders th(' 
egg: this shows that the egg nucleus is not necessary for the deveb 
opinerit. The phenomena of merogony do not yet prove that 
the spermatozoon alone can give rise to an embryo. There are 
several reasons for doubting this possibility. In the first place 
we have reason to assume that the protoplasm of the egg is tlu' 
embryo itself. If this be correct we can understand that tl.e 
spermatozoon might be able to transmit a number of characters 
to the offspring, without possessing the possibility of becoming 
an embryo or creating one outside of an egg. 

In the second place it is possible that only the protoplasm con- 
the apparatus necessary for nuclear and cellular division and 
that a spermatozoon is not able to create this apparatus. In tlu^ 
thiid place it is possible that the egg protoplasm of each species 
<*oiitains nutritive material and enzymes of so specific a character 
dud it is not likely that we are able to imitate it in the near future. 

^ iit tempt at causing the spermatozoon to develop without an 


m 



382 JACQUES LOEB AND F. W. BANCROFT 

ogK same time an attepipt to test the validity of rln* 

reasons which seem to speak against this possibility. 

There is only one paper dealing with this problem, by J. tj,. 
Meyer, ^ lie raised the question whether it is necessary that \\[u 
spermatozoon should come in contact with the cytoplasm of 
the egg in order to undergo the first phases of its normal ev(>]u- 
tion. lie used the sperm of Echinus microtuberculatus, which ho 
placed in sea-water containing an extract of the eggs of the sauic 
species and found that under these conditions th^ spermatozoa 
.swelled so as to lose completely their normal appearance. The 
tail remained unchanged, but tlie cytoplasmic covering of the 
head, the middle piece, and the chromatic portion of the head all 
seemed to swell; and in some cases an indistinct vesicular struc^ 
tuia; was seen which stained a little stronger than its surroundings, 
and seemed to be a nucleus. He concludes that incomplete as 
his results may be, they give a right to conclude, ^4hat the male 
just as the female cell is capable of evolution under the influence 
of external agencies^’ (p. 94). 

II. MATERIAL AND .METHODS 

Our own experiments were carried on on the sperm of the fowl. 
The sperm was removed ase])tically. Only the sperm eontnined 
in the lower portion of the vas deferens was used. It was kept 
in a sterilized moist chamber at about 39° C., but was always 
used soon after its removal from the animal, not later than 
three hours after it was taken out. Th(i media used for the 
culture of the spermatozoon were: egg yolk, egg albumen, chicken 
blood serum and and A Ringer solutions. Slides, cover 
glasses and instruments were sterilized in a flame and small 
hanging drops of the various media were inoculated with the 
si)ennatozoa. The cover glasses were inverted over hollow slules 
and sealed with a vaseline and paraffine mixture. In a few cases 
the eggs were broken into glass vessels and small quantities nt 
sperm injected into the yolk with a capillary pipette. After 
stated intervals yolk and sperm were taken out for examination 
with a capillary pipette. 


^ J. do Mey(M’. de Hioloptie, vol, 2d, p. G.y IDIL 
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CULTURES OP SPERMATOZOA 
III. OBSERVATIONS ON LIVING MATIGil.U, 

When the spermatozoa of the fowl are olxsei ved in a 
iiio- drop of white of egg, kept at about 40° C., the fir.t cl'iaiige’is 
.eeii after fifty or .sixty minutes. It eoii.sists in the eollection of 
a .~mall amount of some substanee having a low refractive iinlex 
alxiut the middle pieces of some of the spermatozoa. In fa\-or- 
ahle ca.ses as many as 60 per cent of the spermatozoa may undergo 
this change. At this time maiiy of these spermatozoa are sfdl 
.swimming. During the course of the next few hours tiu'se lowly 
refractive areas increa.se in size until they are about half as lonii- 
as the sperm head and acquire a fairly distinct elli))soi,lal outlimu 
Tlien in many cases the sperm head can he seen to be bent in a 
horse shoe or spiral shape, and to be included in the wall of the 
vesicle, which has now become spherical, while the tail of the sjier- 
iiiatozoon still remains unchanged or has disappeared without 
t.iking any part in the transformation. The next change is an 
iacre.asing indistinctness in the sperm head, and an increasing 
refractive power of the whole vesicle so that it can hardly be dis- 
criminated at all in the albumen. It is not possible to follow tin' 
process farther in unstained material. 

In some cases these vesicles instead of being spherical stretch 
out along the whole side of the sperm head, or may become en- 
tirely disconnected from the spermatozoon. 

If yolk is used as a culture medium for the sperm essentially 
the same phenomena occur; and in the various Ringer solutions 
ve.sicles containing the sperm heads are also formed, but in the 
Ringer solution, as a rule, the steps in the foi'mation of the.se ves- 
icles could not be seen without staining. 

IV. OBSERVATIONS ON PRESERVED VI.VTERIAL 

When the hanging drops are fixed in Flemming’s fluid and 
stained and examined in Herla’s vesuvin and malachite-green 
nuxtuie, it can be seen that in its early stages the vesicle has dis- 
tinct walls and a homogeneous unstained fluid of a low refractive, 
index in its interior. This fluid is possibly water and this would 
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account for the fact that the vesicle is conspicuous in albumen 
and yolk, but invisible in Ringer solution. 

The vesicle seems to be formed by the imbibition of water by 
the very thin protoplasmic envelope of the sperm head and middle 
piece. For after the formation of the vesicle, head, tail and 
middle piece are, so far as can be seen, unchanged (fig. 1). 
many cases the vesicle is seen at the front end of the spermatozoon. 
Such cases result from the bending of the spermatozoon in the 
middle piec^e region, as the series illustrated in figs. 1, 2 and 3 
show. The maximum development of the unchanged vesicle is 
shown in fig. 4. 

When the vesicle has reached its full size the material of which 
its surface is composed seems to wet the sperm head very easily. 
For in the next stage the sperm head is in contact with the wall 
of the vesicle along its whole length, and the vesicle has usually 
assumed a more or less spherical shape (figs. 5 to 8). 

Up to this point the transformations were found to take place 
in the same way in all the media employed, but' in the various 
Ringer solutions the transformation went no farther than this 
even when the spermatozoa were left in the solutions for forty- 
eight hours and longer. 

In the yolk and albumen, however, the development toward the 
formation of a nucleus went a little farther. In these media solu- 
tion of the sperm head took place, which seemed to begin as soon 
as the head was drawn into the vesicle. For in these media stages 
like figs. 7, a, c, d, e, were quite difficult to find, while in the Ringer 
solutions such stages, and those in which the sperm head within 
the vesicle was entirely unchanged were the most frequent trans- 
formations observed (figs, 5 and 6). 

In preparations that were fixed after the spermatozoa had been 
in contact with the yolk or albumen only two or three hours the 
most frequent transformation of the vesicles observed is one in 
which the head has entirely disappeared while the whole vesicle 
takes a rather dilute nuclear stain. In a few cases nuclei of this 
type still show remnants of the sperm head as in fig. 7, 5 and c. 
These appearances would seem to indicate a solution of the chro- 
matin of the sperm head in the contents of the vesicle. 
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Vfter the spermatozoa have been left in contact nitli the oul- 
ture medium for about eighteen hours no more, ov but very few, 
of those uniformly stained vesicles are to bo found. But there 
-ire many fairly normal looking nuclei iii which the ohroniatin is 
all ))resent in the shape of discrete particles resting on tlie nmdear 
^ull. and in which no linin, or but very small amounts of it, can 
be .<eeii (figs. 8 to 11). The principal reason for believing that 
H eertain amount of linin is present, even if it is o}>sourod by the 
chromatin, is that some vesicles arc seen, which seem to have 
broken away from the spermatozoa before th(\v came in contatd 
with the sperm head, and which do not contain any chromatin 
at all. In these a few strands of liiiin-like substance may \isually 
he seen traversing the interior of the vesicle; and it is likely tliat 
these strands are also present in the other ve.sicles but cannot be 
made out on account of the chromatin. 

It would seem probable that the chromatin in these nuclei is 
derived by a condensation of the uniformly distrilmted cliromatin 
of the previous stage, though it is possible that in a certain num- 
ber of cases the sperm head breaks up into chromatin partich's 
without a previous complete solution. 

Ordinarily no signs of either protoplasm or sperm tails are to be 
seen in connection with these nuclei but occasionally both may 
be observed, as in figs. 8h and 10a; and in several cases it was scon 
that the middle piece had not been incorporated within the nucleus 
or vesicle but could be distinctly made out in the tail attached to 
the vesicle. 

When the preparations are fixed in Flemming’s fluid, stained 
with Czaplewsky^s carbolic gentian violet, dehydrated and 
mounted in balsam, (dearer pictures of the completed nuclei were 
obtained (figs. 9 to 11) but the series of intermediate stages in 
the formation of these nuclei seemed to be entirely dilferent. It 
was possible to make out a connected series of transformations 
cf the sperm head into nuclei, but since this series contained noiu^ 
‘>f the vesicles so characteristic for the living and glycerine mat('- 
rial it must be concluded that this series is composed mainly of 
artefacts resulting from the shrinkage of the vesicles. 
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In these balsam preparations the first change which seemed to 
take place was a broadening of the sperm head with a decided 
increase in staining power. Then the sperm head gradually 
seemed to shorten and assume varicius irregular and sometimes 
angular shapes,- still retaining its high stainmg power. Finally 
these small deeply staining heads seemed to become larger and 
vesicular, and typical nuclei were formed. Accordingly it would 
seem that when first formed these vesicles are so delicate that 
they cannot stand this technique without shrinking all out of 
shape. 

From these experiments we must conclude that m yolk and 
white of egg the spermatozoon undergoes the transformation into 
a nucleus. We have not noticed any mitosis or asterformation 
and we are, therefore, not yet in a position to state that the 
spermatozoon can undergo mitosis outside the egg. 


PLATE 1 


explanation of figures 

All tlic figures wliere drawn with a camera from preparations of chicken sperma- 
tozoa and nuclei into which the spermatozoa were transformed. 

Ttie vc,sicles in figs. 1 to 6 all stain more lightly than the silb-stance surroumlnii; 
then, as is represented in fig. 6. To represent the preparations faithfully figs I 
should also have a background similar to that in fig. 6. All except fig. 4 .arc from 

preparations fixed in Flemming's fluid. 

1 Chicken spermatozoa showing an early stage m the vesicle formation, 
and the beginning of the bending of the spermatozoon in the middle-piece region^ 
Sl»rm kept in white of egg two hours, forty-five minutes. Stained and exammo 

in Ilerla’s malaehite green and vesuvin mixture. X 1020. 

2 Spermatozoa with vesicles as in fig. 1 but more completely bent on ihem- 
sclvcs in the middle-piece region. All of tlie loops contain vesicles which are seen 
exactly from the side i n a and c and slightly from the edge in h . From same prep 

“™3''’spTrmttLa^simnar to those in fig. 2 but seen edge on. From same prep- 

Lii" n,„i_ o, a. 

the bending of the sperm head begins. Sperm kept in yolk for about fo 
Killed, stained and examined in Hcrla’s. X 640. 
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PLATE 2 

i-;\i‘i-ANA’rinN df fkifufs 

.*> S])criii li(‘;uis wliicli liuvc Ix'Cti Lent >n tlicv ai'(‘ \vi(hin rtr ih i ... . 

lad wiili the t their i'ti(lr(‘ hai^ih. In h the flafiellijitr 

iiiiii({[(‘ |)i(‘('enr (he (aii ai'e still \-isii)Ie. l>uf in a and c can no lotij:, :' 

ttnule out. Sp(‘nn in''Hint;ei' sohif itni T P pei <en 1 NalKA);, for five hi.ao 
X 1750. 

() Sperm laaids contained in vesiidt's; fi still showinti' rejnains of i.iil; ■ 
shows maximum d(“ve(o(m!(ml 1 liat the vesich's at lain in Hinj:(‘r sol ut ion. Sp. -■> . 
in Uin^er solut ion four iionrs. Dark haek^routnl diu' ( o coa};ul;ite<l -it. 
men wliicli was mixed with tlie Rin^ei- solulioii imm(“di.at(‘ly hefor<> fixim:; u. [n',.. 
vent iIk' vesiehvs beiny waslaal otT th(‘ covt'i' ydass il('rhi’s, X Ihl-'O. 

T Larlv .^lajrc's in tlu' soluticm and 1 1 ansfonnation of the speiiii Im :,.;-. 
within the vesicle. l''roin satin' pix'iiarat ion as fi<is. 1. 2 ami 2. 

S W'sieles in which part of thi' (‘hromafin is pia'sent as «liscret(' - 

and pari can st ill I at r('co^niz('d as the port ion of the sjit'rm head whieli adjoin- pi., 
(ail. 1 n h t Wo masses of cyl oplasm can be seen titit ('I'ioily. Herla’s. x bVJn. 

0 Sperm lu'ads t ransfoimed into mieU'i. Chromatin as far ;is could 1., 
(h'termined all iK'Xt (ti the meJiibimne. Sjn'i'in in etro; .allmtm'u twenty-f href !c-a!- 
(loJitian violet and balsam. X nOOO, 

10 Sp(‘rmato/oa transfoniK'd into niK'h'i. a also .a]>p<'ars to luive -fia 

vaeuolaO'd protojilasm Spt'inn in albumen tw{'n1y-six hours. Iba'.-d . 

X olOO. 

11 Spermatozoa transformed into nucU'i, Chromatin till on nuclear iin 
iir.aiie. ih'utian violet and balsam, X dlO:k 
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STUDIES IN CYTOLOGY 


I. A FURTHEK STUDY OF THE CHROMOSOMES OF TOXOPNETSTES 
VARIEGATUS 

TL THE BEHAVIOR OF THE CHROMOSOMES IX ARBACIA-TOXO- 
PNEUSTES CROSSES 

DAVID H. TEXXEXT 

From ihe ZoUogioal Laboratory, The Johns Hopkins Unirersily 
TWENTY-0\R FIGURES 

I 

In 1910 ^liss Heffner made a study of straight fertilized Toxo- 
jineusteseggs andreached the conclusion that there were two classes 
(,f zygotes, one with two and one with three V-shaped chroino- 
in each anaphase plate. This condition showed a simi- 
larity to the one described by Baltzor (’OO) for Echinus and was 
regarded as an indication that its significance was the same, 
namely that in Toxopneustes there were two kinds of unfertilized 
egg>- 

My obs:ervations on Hipponoe crosses (d l“'12) taken in con- 
nection with those of Miss Pinney ('ll) on .straight fertilized 
Hijiponoe eggs led me to believe that possibly there might be 
another interpretation for Toxopneustes and it occurred to me 
that the facts might be determined most readily by studies of the 
chromosomes of the egg in chemically fertilized eggs and of the 
diromosomes of the .spermatozoan in fertilized enucleated t'gg 
Eiagmciits. The question to be decided was whether the un» 
!>:iired V in zygotes containing three V-shaped chromosomes, was 
to he associated with the egg or with the spermatozoam 

Hit' wurk upon which this paper is based was begun in tlie Laboratory of the 
h of Fisheries at Be<aufort, N. C. I am indebted to the Hon, Geor^i;e .M. 
b '-v!‘rs, ('oriimissioncr of Fisheries, for the privilege of working in this labora- 
oid to Mr. Henry D. Aller, Director of the laboratory, for many courtesies. 
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A. Chemically ferlilized eggs 

The method of chemical fertilization that I used was tliat of 
Loeb (’09), with a very slight modification. The eggs wore 
placed in a butyric acid mixture (6 cc. w butyric acid + 94 ce. 
.sea water), for from one and one-half to two and one-half minutes, 
transferred from this to sea water to which an amount of )),- XaOH 
solution calculated to be sufficient to neutralize the amount of 
butyric acid which had been carried over in the pipette, hatl Ix'on 
added; allowed to remain in this for twenty minutes; transfeirwl 
to hypertonic sea water, (13 cc. 2^ m. NaCl -t- 87 cc. seawater), 
for fifteen to twenty-five minutes; and finally transferred to sea 
water. 

A larger percentage of eggs formed membranes when placed 
in sea water plus NaOH, upon removal from the butyric acid 
mixture, than when placed in straight sea w'ater. 

With this sea urchin, Toxopneustes, it is possible to determine 
the proper length of time that the eggs should remain in the hyper- 
tonic sea water by observing nuclear changes in the egg. Hindle. 
(’10), in describing the parthenogenetic development of btron- 
gylocentrotus purpuratiis says, in one place, that no apparent 
changes "‘beyond a slight reduction of the clear zone of hyalo- 
plasm surrounding the nucleus” may be observed while the egg' 
are irmnersed in the hypertonic solution, and in another place, 
“during the treatment with hypertonic salt solution there is .i 
slight increase in the size of the nucleus and the clear zone !^hno^t 

disappears.” ^ ,• i . 

In Toxopneustes the nucleus and the cytoplasm immcdiatel} 
surrounding it may be seen to be in a state of activify. Imui 
the sui'face of the nucleus, processes seem to push out and ibcii 
retract, the nucleus meantime enlarging in volume, while ni the 
cytoplasm, currents showing a movement of substance toward llic 
nucleus may be seen. 

If the eggs be transferred from the hypertonic sea water at ilic 
time when, in the greatest number, the nucleus has reached ii; 
maximum size, just prior to the bursting of the membraiic. u 
will be found that a larger percentage of regularly segmeutins: 
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inav be obtained than if the transfer be made at any other 

unio. 

h should be remembered that Hindle and I have worked with 
ditforent eggs and that the processes are not necessarily exactly 
the same in both. I am inclined to believe, however, that (he 
greater opacity of the Strongylocentrotus egg has preveiilcd an 
observation similar to the one described here. 

Ill practice I found it convenient to divide the eggs into two 
portions as they were removed from the butyric acid mixture, 
placing those removed during the interval one and onedialf to 
two minutes in one dish and those removed during the intciami 
two to two and one-half minutes in another. Sometimes one 
lot, sometimes the other was better. In the work I usetl liuger- 
bdwls of about 400 cc. capacity. Probably the greatest advantage 
accruing from the use of the NaOH was that of being able to 
use smaller amounts of sea water and thus concentrating the mass 
I lf eggs. 

A considerable number of experiments for the determination 
of the most favorable hypertonic sea water were made. Theo- 
retically it would seem as though a hypertonic solution emdaining 
all of the salts of sea water might be more favorable than sea 
water increased in one salt only. However, neither the hyper- 
tonic solutions made by the evaporation of sea water, nor the 
use of hyper molecular VanT Hoff solutions offered any advan- 
tages over the solution mentioned above. 

It seems scarcely necessary to note that the experiments were 
carried out with extreme care. Sterilized dishes and pipettes, and 
sea water heated to 70° C. cooled and filtered, were used through- 
out the work. Controls to indicate whether chance fertilization 
had taken place were kept throughout. 

.My observations on the external and internal changes in the 
egg agree, except as above noted, with the descriptions of Loci), 
Hindle and Wilson, aiid therefore need no discussion here. 

At first thought it might seem that after the exceedingly careful 
^vork that has been done on the cytology of artificially partheno- 
genetic Toxopneustes eggs nothing would be gained by a further 
'ttidy of such eggs. It must be remembered how^ever, that the 
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work which has been done up to this time has gone no funhf^r 
with respect to the chromosomes, than the determination oi‘ thf* 
presence of the haploid number and that in general the ehrouio. 
somes were rod-like in form. 

Within the past five years, partly from the knowledge that in 
Echinoderms chromosomes of different form are associated with 
different species and partly from the knowledge of chromosomes 
showing peculiarity of form in other phyla, the necessity of a fur- 
ther insight into the conditions existing in chemically fertilized 
eggs has arisen. 

This new study of the chromosomes in artificially partheno- 
genetic eggs has brought out the fact that all of the eggs are alike 
in that in each anaphase plate there are two V-shaped chromo- 
somes. 

It must be mentioned again that in many instances it is ex- 
tremely difficult to determine the V-shaped elements in the spin- 
dle. The arms of the V are frequently in contact with each other, 
giving the chromosome the appearance of a very thick rod. In 
some cases it is possible to ascertain that the rod is actually double: 
in others it becomes a matter of deduction. The conclusions 
reached arc based on the study of a large number of spindles and 
where it has been necessary to make an interpretation of the 
nature described, it has been made in accordance with the evi- 
dence given by the clearer spindles and not with a preconceived 
idea of what the conditions should be. 

It is noteworthy that the best chances for an exact determina- 
tion of this form of the chromosomes is afforded by eggs in which 
the number of asters is above the normal. This is due to the 
fact that in such eggs the chromosomes are widely scattered. 

In fig, 1 A and B a multipolar spindle with apparently six aster> 
is shown. There are eight V’s (four pairs) shown in this egg. 
three passing to pole A , three to pole B, one to pole E and one to 
pole F. The most probable explanation of the condition ?ho^vn 
here lies in the assumption of the doubling in number of the chro- 
mosomes by a monaster division, followed by the multipolar 
divisions shown in the illustration. Such a method of behavior 
may be seen in many of the living eggs during the early develop- 
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In addition this conclusion is practically the only one 
«liich can be reached in view of the now well established fact of 
ihe doubling of the number of chromosomes during monaster 

formation. 

Fig. 2 would be difficult to interpret, were it considered on its 
own merits alone. The long rod in each anaphase plate is oi-ident 
The V’s appear here simply as thickened rods; 19 ehromo.onies 
are shown in each plate. Fig. 3 shows a similar state of aff-uix 
Fig. 4 is .similar with the exception that the \”s in 4 .1 are eVidcnt 
as such. 

The description for these figures may be taken as ti'pical of (lie 
large number studied in which the chromosomes eoiild'be made out 
clearly. I must also state that in my preparations, ro|n-e'sentiiig 
sixteen very successful chemical fertilizations, the mimber of 
ahmodal chromosomes is very high. Theie is nothing like I lie 
almost uniformly even and regular series of division figures timf 
may be seen in sections of normally fertilized eggs, nor do the 
figures approach in regularity those which I obtained from tlie 
artificially parthenogenotic starfish egg in 1906. Tiie e\il 
(leiioe here seems to be a confirmation of the .statement made !)>■ 
Xeniee (Tl) that the form of the chromosomes may be changed 
hy reagents although the processes of mitosis may be unmodified. 

B. Fertilized enucleated egg Jmgmenls 

Tlie eggs were broken into fragments by being shaken in a lest 
mho with broken bits of cover glass. For one series this mass was 
lurnedoutm a flat dish and enucleated fragments picked out under 
the microscope with a pipette. The fragments were thi'ii fei- 
tilized with Toxopneustes .sperm. Fertilization membranes wore 
hirraed. I’he tempo of cleavage was the same as in eggs with a 
nucleus. Other series were prepared by shaking the eggs into 
fragments as above noted and fertilizing all of the fragments. In 
those the di.slinction between fragments with the double number 
of cliromosomes and tiiose with the half mimber is easily seen. 

c study of fresh material stained with Schneider’s aceto-carniine 
(lid not give especially useful results. 

‘'•'f- Joi hnal Of experimental zodLOfiv, vol. 12, no. S 



396 


DAVID H. TENNENT 


The study of the sections of the preserved material was mere 
easily made than was the study of the artificially parthenogcnetic 
material. The evidence from this material seems to show com 
clusively that there are two classes of spermatozoa with respect 
to the V-shaped chromosomes, one class with one V, the other 
with two. 

In fig. f) one V and the long rod are shown. The number of 
chromosomes in each plate is 18. In fig. 7 two \ s and the lonji; 
rod are evident, 19 chromosomes are present. In fig. 8, one V 
with the arms separated, one V with the arms in contact and the 
long rod. Probably 19 chromosomes are present. 

II 

AVhile working with the phase of the question just described 
it occurred to me that possibly conclusive evidence might be gi\en 
by segmenting eggs from crosses between Arbacia punctulata, in 
which as I showed in 1907, the chromosomes arc all small, and 
Toxopneustes, in winch the chromosomes arc larger. 

1 succeeded in making this cross for the first time during the 
past summer (Tl). U]) to that time I had not been able to secure 

a usable percentage of fertilizations by either the Hertwig method 
or the Loeb method, but by combining the two methods I 
obtained fertilization in a fair number. 

The ^Vrbacia eggs were allowed to stand in sea water for four 
hours, then transferred to 400 cc. sea water 8 cc. NaOH for 
five minutes, and then Toxopneustes sperm added. Fertiliza- 
tion membranes were formed on from 50 per cent to 90 per cent 
of the eggs, in different lots. 

Toxopneustes eggs were allowed to stand in sea water for two 
hours, then placed in 400 cc. sea water 4- 6 cc. fy NaOH for fi\c 
minutes and Arbacia sperm then added. Fertilization membranes 
were formed on about 10 per cent of the eggs. 

Numerous experiments showed the durations given to be the 
best. From these fertilizations only a few embryos developed to 
the pluteus stage, and all of these showed their hybrid origin. 
The skeleton was of an intermediate type. Most of the embryos 
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develop very irregularly, pronounced abnormalities appeai-ing 
during the blastula stage. 

The correlation between development and the behavior of the 
ohroinosomes is very striking. In a few instances the mitosis of 
the first segmentation is regular, with very little elimination of 
ohroinosomes. In the large majority of instances the behavior 
of the chromosome.s is irregular from the beginning, many of tlie 
rhroinosomes being massed together and eliminated from jiarti- 
cipation in further mitosis. 

It has been suggested that the reason that the ehrojiiosoines of 
one species or the other lag during division in some crosses lies 
in the differences in normal division rate. It is interesting, in 
this connection that in the Arbacia 9 X Toxopneiistos te cross the 
Toxopneustes chromosomes lag although the division rate in this 
<j)cries is more rapid than in Arbacia. It is clear that the cause 
for lagging must be some other than that of difference in division 
rate. .1 have previously pointed out that in any Hipponoe-Tox- 
opneustes cross cleavage is hastened by the Toxopneustes sperm, 
i.e., that of the quicker species. 

ARBACIA 9 X TOXOPNEUSTES d’ CROSS 

The chromosomes in the zygotes of Arbacia punctulatii arc 
in general short and rod-like in form. Owing to their extremely 
small size I have made no prolonged effort to make out individu- 
ality of form. Fig. 6 represents one of three sections passing 
through a mitotic figure in anaphase. The total number of chromo- 
somes is about forty. There is some variation in length, the 
longest chromosomes in Arbacia exceeding in length the shortest 
in Toxopneustes. 

Figs. 10-47 represent anaphases of the first division of the 
crosses. These represent the most nearly normal figures that 
we found. 

t'ig. 10 A, B and C represent the most normal division figure 
found. Of the Toxopneustes chromosomes the long rods and the 

> may be recognized. Counting all of the chromosomes present 
t e formula would be 1}; those lagging at the center probably 
\\ould have failed to be included in the daughter nuclei. Most of 

IBE JOraXAL OF expehimextal zoology, VOL. 12, so. 3 
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these lagging chromosomes may be seen by their size and forifj 
to be Toxopneustes chromosomes. 

Fig. 11 5 and C, chromosome formula Long rods and 

V’s in anaphase plates; .some Toxopneustes chromosomes lagging 
between the plates. 

Fig. 12 A, B and C, chromosome formula Some of the 
chromosomes in 12 C are probably fragments of those in lower 12 B 
Toxopneustes Vs not present. Apparently there has been an 
elimination of Arbacia chromo.somes. 

Fig. 13 A and B, chromosome formula One Toxopneustes 
V and the long rod present. Lagging chromosomes probably of 
Toxopneustes. There seems to have been an elimination of Arba- 
cia chromosomes. 

Fig. 14 A and B, chromosome formula Long Toxopnuestes 
rod absent. Some of both Arbacia and loxopneustes chroino- 
somes have been eliminated. 

Fig. 15 A and B, chromosome formula If Toxopneustes V’s 
not present. Full number of Arbacia chromosomes docs not seem 
seem to be present. 

Fig. 16 A, 5 and C, chromosome formula ff. Toxopneustes 
V's not present. There has been an elimination of both Toxo- 
pnuestes and Arbacia chromosomes. 

Fig. 17 A, B and C, chromosome formula If Pronounced lag- 
ging of Toxopneustes chromosomes between daughter plates. 


THE TOXOPNEUSTES 9 X ARBACIA cT CROSS 

Passing now to the reciprocal cross, figs. 18-21, we notice at 
once a difference in the appearance of the figures, the number of 
chromosomes present in each plate being less than in the plate^ 
of the reciprocal cross. 

Fig. 18 A and B, chromosome formula Both of the loxo* 
piieustes Vs and the long rod are present. Most of the Arbacia 
chromosomes have failed to -enter the division figure. 

Fig. 19 A and B, chromosome formula -ff Both of the Tox^o* 
pneMstes V’s and the long rod are present. Nearly all of the 
Arbacia chromosomes have been rejected. 
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Kig, 20 A and B, chromosome formula i'f. Almost a tipical 
Toxnimeustes thelykaryotic figure. Possibly one <u' two Arbacia 
chromosomes present; 

Fig, 21 A and B, tripolar figure. Total luunber of ohronio- 
<, lines present about 85. Four Toxopneustes V’s (two jiairs) 
present. If this egg was fertilized by two Arbaeia spci-iiiati)zoa 
jiboiit half of the Arbacia chromosomes have been eliminated 

I have already pointed out' the fact that few of the Arbaeia- 
Toxopneustes hybrids pass through the gastrula stage. From 
my experiments I have obtained very few plutci indeed, and 
these few plutei showed evidence of tlieir hybrid origin. If w(^ 
examine some of the more irregular division figures, not only of 
the first cleavage but of the later cleavages, wc shall find mmiv 
very pronounced abnormalities; we shall find that not only mav 
the chromosomes of the sperm be involved but that those of the 
egg as well fail to take their places in the spindle, the result 
being that the full haploid number of neither parent is present. 
This fact may well be intimately associated with the abnormal 
development during the blastula stage. 

The only cytological investigation having immediate connec- 
tion with these crosses is that of Baltzcr (AO), on rcci])rocal 
Arhatia pustulosa crosses. Baltzcr has shown that the form of 
the chromosomes in this species is like those of Arbacia punctii- 
lata which I described in 1907. Baltzer made six Arbacia crosses. 
Strongylocentrotus 9 X Arbacia y 
Sphaerechinus 9 X iVrbacia d' 

Echinus 9 X Arbacia 

Arbacia 9 X Strongylocentrotus cf 

Arbacia $ X Sphaerechinus 0 ^ 

Arbacia 9 X Echinus 

In all of these crosses the results are in general like those which 
i have just described for Arbacia punctulata. In all of the 
crosses, in most individuals, there is an 'Erkrankung’ before or 
( uring the blastula stage, this indisposition being so marked as to 
resemble a sudden poisoning of the embryos. 

In Baltzer’s Arbacia 9 by Strongylocentrotus c? or Echinus c? 
crosses from 8 to 10 chromosomes were eliminated. In the Arba- 
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cia 9 by Sphaerechinus & cross about 18 chromosomes were 
elimitiated (Baltzer ’10, text figs. 18 and 19). In BaltzerV 
Echinus 9, Strongylocentrotus 9 and Sphaerechinus 9 X Arba- 
cia cT crosses two types of behavior were apparent. In the first 
two cases elimination of chromosomes occurred during the blastula 
stage; in the last case the chromosomes were retained. In all of 
these cases the skeleton of the plutei was nearer the maternal 
type than the paternal, but the hybrid nature was evident. 

My Arbacia 9 X Toxopneustes cT cross is almost identical in 
its behavior to Baltzer’s Arbacia 9 X Echinus 9 or Strongylo- 
centrotus cross. Aly Toxopneustes 9 X Arbacia cT cross is 
unlike any of Baltzer’s Arbacia cT crosses, in that elimination of 
chromosomes took place during the cleavage. I shall return to 
these points later. 

SUMMAllY 

The results of this investigation may be summarized as follows: 

1. The study of artificially parthenogenetic eggs has shown 
that the eggs of Toxopneustes are all alike in that each contains 
two V-shaped chromosomes. 

2. The study of fertilized enucleated fragments of Toxopneustes 

eggs has shown that Toxopneustes spermatozoa are of two classes, 
one class containing one V-shaped chromosome, the other contain- 
ing two-Vshaped chromosomes. ^ 

3. The study of the Arbacia 9 X Toxopneustes cf cross has 
shown that elimination of both Arbacia and Toxopneustes chro- 
mosomes may take place during cleavage. 

4. The study of the Toxopneustes 9 X Arbacia cf cross has 
shown that nearly all of the Arbacia chromosomes may be elmi- 
inatetl in the early cleavage. 

DISCUSSION 

The first point requiring consideration is in connection with the 
results of the study of parthenogenetic eggs and of fertilized cmi’ 
c lea ted egg fragments of Toxopneustes. I have shown here t la 
Toxopneustes is in agreement with Hipponoe (Tl, T2), in thatt ^ 
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female is homogametic and the male digametic rather tluui with 
j^troi^gvlocentrotus (Baltzer , 09) , in which the female is digametic, 

1 .4ill feel that we are not yet able to apply one of tlio now 
acco])ted sex formulae to either Hipponoe or Toxopneiistes. It 
is futile, at this time, to attempt to make a definite count of the 
rhroinosonies in these eggs. I feel reasonably sure that tl](^ mini- 
l)er in the zygotes is 37 and 38; but granting this to be true, no 
reliable conclusion can be drawn until we know the facts concern- 
ing synapsis in the formation of the germ cells. It is possible that 
the question can be settled only by the study of the oogenesis and 
sj)eriuatogenesis in these forms, but so much has been determined 
by the experimental method that one may hope that some Echitio- 
(lei’in may be found which will afford material favorabh^ enough 
for deciding even this point. 

It is interesting in this connection to note that since the hnnales 
of Hipponoe and Toxopneustes are homogametic w(> should 
obtain uniformly individuals of the same sex from ('hemically 
fertilized eggs. The conditions in Hipponoe indicate that these 
individuals would be female. 

It mils! also be noted that my results are not ({uit(' in acc()rd 
with those of Miss Heffner. My observations would gi\'e us two 
olnsses of Toxopneustes zygotes, one with three and one with four 
\V‘^hapcd chromosomes rather than one with two and one with 
tlirec. 

My investigation has shed no further light on the nature of 
these idiochromosomes ; we do not know whether tliey are com- 
j)ound, whether they are single and have this individual form, or 
whether the form is due simply to the place of attachment of the 
'[undle fiber. The last idea seems untenable in the ligld of their 
dehnitc numerical occurrence. 

Turning from these purely cytological consideratioiis to some 
f'f the facts concerning heredity in Echinoderms we nmst first 
notice that if one wishes to speak with accuracy" it is now im])os- 
dble to make the broad statement that all of the individuals of 
n gi\en cross are maternal or paternal, or eveji intermediate, in 
a j^trict sense, in character. 
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We are at a point now where we may gather together the mam- 
different accounts that have been given and restore order in a 
field which has been in a state of disorder. We have conclusive 
evidence that under certain conditions, most of the embrvoii 
of a given cross will have a skeleton of a definite type and we ah) 
know that a smaller number may depart radically from this typp 
Thus we may obtain from eggs of one female fertilized by sperm 
from one male a complete series of skeletons ranging from the 
purely maternal to the purely paternal form. 

When we compare these series numerically with a similar series 
of zygotes from some species, in the cleavage and slightly later 
stages we find the same sort of variation in the number of retained 
maternal and paternal chromosomes. In other words, there Ls 
as great a variation, of its kind, in the kind of chromosomes in 
cross fertilized eggs as there is in the kind of skeleton in hybrid 
plutei. This is not true for all species. In some hybrids all of 
the chromosomes are retained and a dominance of one kind of 
skeleton over another is exhibited. 

The facts regarding the retention or elimination of chromosomes 
and the character of the ensuing pluteus arc of interest. Pre- 
sented briefly they are : 

1. Elimination of no chromosomes and dominance of one species 
over the other with respect to the character of the skeleton. 

Examples: Toxopneustes 9 X Hipponoe & 

Echinus 9 X Antedon o' (Baltzer) 
Strongylocentrotus 9 X Antedon o' (Baltzer) 

2. Elimination of part of the chromosomes and dominance of 
one species over the other with respect to the character of the 
skeleton. 

Examples: Hipponoe 9 X Toxopneustes & 

Echinus 9 X Sphacrechinus o' (Baltzer) 
Strongylocentrotus 9 X Sphaerechinus c? (Baltzer) 

3. Elimination of no chromosomes and skeleton of intermediate 
character. 

Examples: Sphaerechinus 9 X Strongylocentrotus cf (Baltzer) 
Sphaerechinus 9 X Arbacia cf (Baltzer) 
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4, Elinunation oi part oi ttie claromosomes and skeleton of int ev- 

niediate character. 

Ijamfles: Toxopneustes 9 X Hipponoe 

Arbacia 9 X Echinus (Baltzor) 

Arbacia 9 X Toxopneustes o" 

Toxopneustes 9 X Arbacia 0^ 

0. Elimination of part of both maternai and paternal chromo- 
somes and inhibition of development. 

Examples: Arbacia 9 X Toxopneustes 

Toxopneustes 9 X Arbacia o' 

This list of examples is not meant to be exhaustive but is Riven 
simply as a means of illustration. 

// evident that in a single series there is a correlation between 
the types of larvae exhibited and the behavior of the chromosomes. 
It is further evident, that taking echinoid hybrids as a whole, there is 
a series of well defined grades, from reieniion of all chromosomes and 
preponderance of one type over another, through reieniion of all chro- 
mosomes and a blending of type, to a rejection of more than the half 
number and failure of development. 

It must be pointed out that such examples as Echinus 9 X 
Antedon d' are in a way misleading to one who does not remember 
that the crinoid larva of early age has no skeleton. We should not 
expect a spermatozoan having no determinant for a skeleton to 
produc? much effect in an egg having such a determinant or 
determinants. 

It should further be pointed out that such cases as those coming 
under paragraph 2 , e.g., Hipponoe 9 X Toxopneustes o' as well 
as the fertilizations of the echinoid egg by the sperm of annelids 
and molluscs (Godlewski^ ^ 11 , Kupelwieser, ’ 09 ), and the fertiliza- 
tion of eggs which have been given a certain impulse to partheno- 
genetic development by means of chemicals, give as these authors 
have pointed out, thelykaryotic larvae. Practically larvae de- 
rived from such crosses inhdrit from the egg parent alone just us 
strictly as if the eggs had been caused to develop from tlu' first 
hy artificial chemical fertilization. 
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These facts represent a definite advance in our ideas concerning 
the relation of chromosomes to somatic characters. They do not 
however aid us in deciding the question as to whether the niu'leiis 
is the sole bearer of the determinants of one character or the other. 
Godlewski (Tl),in his expression that neither the nucleus alone, 
nor the protoplasm alone, but both parts of the cell body are 
concerned, in the determination of hereditary characters, and that 
for the development of the paternal characters an interaction be* 
tween paternal nucleus and protoplasm is indispensable, raises 
an old objection in a new form and one which it is exceedingly ddfi- 
cult to deny. As our knowledge of the interaction of nucleus and 
cytoplasm increases, particularly along the lines of nuclear syn- 
thesis, wo have convincing evidence that the chromatin require^ 
a very definite environment in order that it may increase. ( :onk- 
lin’s (T2) observations on the fate of chromosomes centrifugrd 
into the yolk in Crepidula is one case in point. It is evident that 
Godlewski’s position is correct in so far as concerns the persistence 
and growth of the paternal nuclear material, and this material 
must persist and increase if it is to influence development. How 
much farther than that we may go in insisting on the necessity of 
all parts of the paternal germ cell body is somewhat doubtful. 


February 14, 1912. 
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PLATE 1 

EXPLANATION OF FIGURES 

All of the figures were drawn from sections with the aid of a camera lucida at 
a magnification of 1500 diameters. They were then' doubled in siae by means of a 
drawing camera and compared with the original preparations. The figures have 
subsequently been reduced one half in publication. 

1-4 From chemically fertilized eggs 

lA and B Six poled division figure. 

2 Lateral view anaphase plate of first cleavage. 

3 Lateral view anaphase plate of first cleavage. 

4 A and B Lateral view anaphase plate of first division. 

Arbacia 

6 Lateral view of one section of an anaphase plate of a straight fertilized 
Arbacia egg. 

From fertilized enucleated egg fragments 

5 A, B and C Three sections of same mitotic figure in anaphase. One Y and 
one long rod. 

7 A, B and C Lateral view of anaphase plates as in fig. 5. Two Vs and one 
long rod. 
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PLATE 2 

EXPLANATION' OF FIGURES 

8A, li uikI C Lateral view as above. Two Vs and one long rod. 

OA and li Lateral view of anaphase plate. Tripolar figure. 

Arbaeia 9 X Toxopneustes cf cross 

10-17 Lateral views of anaphases of the first division. 

10 A, B and C Tlie P.s and long rod characteristic of Toxopneustes may hr 
seen. 

11 A, B and C Long rod and V's. Some of To.xopneustes chromosomes bg- 

gins- 

12A, B and C Toxopneustes Vs not present. Probably some of the Arbaeia 
chroinosoinc.s have been eliminated. 

13 A and B One Toxopiieirstes V and long rod. Lagging and elimination as 
in fig. 12. 



sTI’DIES cytology 

DAVID H- TENMENT 


1 / 



PUTE2 




409 





EXPLANATION' OF FIGURES 


14A iiiul B No long Toxopncastos rod. Some of both Toxopneufetos imd 
\ib!i('ia {•hromosomcs liave fieen eliminated. 

l.^.V and B No Toxopncustes Ts. Some of the Arbacia chromosomes seem 

to be absent. i i - 

ir,A, n and ( ; NoTo.xopneustes l^s. Some of both Toxopneustes and Arhaci;* 

chromo.somes have been eliminated. 

17.V, B and C Pronounced lagging of Toxopneustes chromosomes. 

To.xopncustes 9 X Arbacia o" cross 


18A, B and C Lateral vicAv of anaphase plates. Two Toxopnemstes Vs ami 
the long rod. Few Arbacia chromosomes. 

19A and B Lateral view of anaphase plates. Two Toxopneustes Vs and lh(‘ 
long rod. Few Arbacia chromosome.s. 

20 -V and IL Nearly all of the Arbacia chromosomes are absent. 

21A and li ITipolar figure. Two pairs of Toxopneustes Fs are prescnl. 
Probablv about half of the Arbacia chromosomes have been rejected. 
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n-. the fertilizing power of portions of the spermatozoon 
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In the preceding numbers of these studies dealing with tlie 
oirtieal changes of the egg, and with partial fertilization refer 
cnee has been made to certain phases of the normal fertilization. 
A lietailed study was found to be necessary to cleai' tlie \va\’ for 
further considerations. The results of this detailed study -iie 
presented in the first part of the present paper. The second part, 
deals with the fertilizing power of portions of tlie spennatozidin 
and with the theory of fertilization. 


111. 1 ME MORPHOLOGY OF THE NORMAL FERTILIZATION OF NEREIS 
f. The spermatozoon: {Fig. 1 , a, b, c, d) 

The spermatozoa are unusually large. The Iiead terminates 
111 a very delicate perforatorium which possesses a slight distal 
I'lilargeraent.' Between the base of tlie perforatorium and the 
j'liromatin of the head N some differentiated material forming a 
cat cap (/(. c.). This is very distinctly differentiated in position 
and staining reaction from the chromatin of the head. The chro- 
matin of the head is not so condensed as in most spermatozoa; 

perforatorium is shorter and shaped more like 
41.3 

JOUH.val of kxpebimental zoology, VOL. 12, .NO. 4 
mat 1912 



414 


FRANK R. LILLIE 


it is often arranged in two masses as shown in fig. 1 with some 
karyolymph; sometimes the arrangement is more reticular, but 
the karyolymph is always in evidence in good preparations. Tiie 
middle-piece is very distinctly set off from the head; it is rir\g, 
shaped, very broadly attached to the base of the head, dho 
attachment of the tail is to the rnargin of the ring, and is theie- 
fore excentric to the axis of the head. There is a decided asym- 
metry, particularly illustrated in b, c, d, of fig. 1. 

2. The ovum 

The ovum has been described in the preceding parts (Lillie, 
ni) of this study. A brief description will therefore serve here. 
It is about 100m in greatest diameter, somewhat flattened in a 
polar direction, and girdled by a double zone of large oil drops 
embedded in the yolk-bearing protoplasm (text fig. 1). It is 
bounded by a vitelline membrane and possesses a coarsely alveolar 
cortical layer about 7 m in thickness external to the yolk-bearing 
layer. 

5. Observations on fertilization in the living egg 

If the eggs remain unfertilized in the sea-water, maturation 
does not take place, and the egg remains unchanged with intact 
germinal vesicle. 

a. The cortical changes. When insemination takes place a 
large number of spermatozoa become attached to the ovum if 
the sperm is present in excess. In about two to three minutes 
all spermatozoa, with the exception of one, which is alone con- 
cerned in the subsequent fertilization, begin to be earned away 
from the surface of the egg by an outflow of jelly from the ovum. 
This is more particularly described in the first of these studie> 
(F. R. Lillie, ’ll). The jelly is formed from the alveolar content.- 
of the cortical layer, which gradually disappears, until in the 
course of about fifteen minutes the original cortical layer is repre- 
sented only by the perivitelhne space and the delicate walk ni 
the original alveoli crossing this space to the plasma mcinbunn 
(see study 1). 
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Ti'xi (i<:, 1 'riir(M‘ pholoj^raphs of cgjisof NA'rcis in ink: b(‘forr itisi'iniii;ii ioti : 

' iiiinutt*."' after in^s^nunatiou; c, I welvt' iniiiiitcsafti'i' inscaninat ion. u aiul 
'■ urfe takiMi wiih (Urocf sunlight and slioi't expnsui'c (oik' srcondi.c willi (]i(Tii.s(‘ 
I'dn :in<l longer exposure (ten s(M'Ond,s). S('(' text for i[)tion. 

I'hc lormation of the jelly may be most readily observed if the 
' Ltii's ;ire inseminated in sea-water, into which India-ink has ht'on 
Lnoiiiid so as to make a black suspension, f here reproduct' thrt't' 
])hoto<r|'aphs showing the formation of the jelly undta* such cir- 
' unistances (text fig. 1, a, b, c) ; a is an egg takeji before inseminii- 
hoii; tlie germinal vesicle and the oil globules stand out very 
dt-tinctly : the cortical layer may be seen on the left side of tlu' 
titiurc. but it does not come out very distinctly because it is st'en 
diroiigh a layer of ink between the cover slip, which touches the 
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t(if) of tho and the equator of the Fi^. 1 h sho\v> r}j,. 
amount of jell}' formed about three minutes after insemin:u;',ij- 
th(‘ cortical layer is already much reduced. Fig. 1 c was tii’kf ! 
twelve minutes after insemination: it shows a great increa^f^ jr 
amount of jelly du(' not only to contimual secretion from the r-ui, 
but also, ])r(‘sumably, to sw(‘lling of the jelly already formed. Tl,( 
walls of th(' alveoli wliich contained tiic jelly-forming spIiiM ui,., 
may b(‘ seen on th(‘ right side of this photograjih crossing tlie jx-n. 
^'i1(‘lline space' to tlu' plasma membrane. On the upper sid(> usuv 
b(‘ s('(m lh(‘ h'rtilization cone and ext('rnal to it outside the \ 
liiK' membraiu' tlu’ sp('rmatozo()]i. A conical ])ointcr of ink i. 
dii'f'cted to the s|)('rmatozo(ni. This forms regularly in egg- ni- 
seiiunat('d in ink and is (h;e tf) tlu' ink ])articles pressing in akuii: 
the tail of tin' spermatozotin embedded in the jelly, owing to ihcit 
ih’owniaii mo\’(*m('nts. This ink cone remains even afua- the 
spei'inatozodn has penetrated and thus serves as indicator of tli,- 
point of ('nt ranee of the s|)ermatozoon up to th(' time of clea\agi-, 
A study of the la'lation of the point of entrama' to tlie first ckaivtuir 
plane by one of my students is now under w'uy (see Just, ‘12 , 

Text tig. 2 is a diaiwing from tlu' living egg based on such a ptm- 
t<igraph as I c. The details are all clearly shown here ami aiv 
described in th(‘ legend of the figure. 

/). 77a’ j'ertilisdlion cone. The spei’inatozohn, that reniaiii- 
tifter the first jelly-foi-mation, is attached l)y its pei'foratorinni in 
the vitelline membramv Tlie lu-otoplasiu of the ovum inuiK’ili- 
utely beneath now forms a conical elevation (fertilization cone 
which crosses the p('rivitelline space and becomes attached to iln 
vitelline memlirane beneath tlie sjiermatozocui (text figs. 1 < 
and 2). The fertilization cone then gradually retratds and di- 
appears, drawing the vitelliiu' membrane with it so as to fnrni 
de]U‘ession in whicli the s}HM‘niatozo()n is included. .\l this -taur 
one may easily imagine that the si)ermatozo()n has been taken inio 
the egg, as it is ai)t to be concealed in the depression of the nictii' 
lirane; but this is not the case. The stage of greatest deve]o]>- 
ment of the de])ression, corresponding to the complete retrartci 
of the fertilization cone, is about twenty-two to twcnty-tivi' am - 
utes after insemination (see figs., Lillie Tl, p. 369). 
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{Vrtili>^ation coiio is no lon^ei* so(mi in (lu^ living (‘.a-*’;, l^iit 
lions slunv that its suhstaiK'o has i)0('()iiio so niodifiofl as to 
<l(»finito (“oll-orgati, which can he followed foi' some time 
»(MU‘t ration of tlie sixa’niatozoiai. 


r.At L’ Kiitiof NVivis (iftoai iiiiniacs uKcr iiiM'iniiialiuji jti ink. i iicnnirK 
in i i'iirif' s tli(' iiilv, the clcnu' ano he! wci'ii t Itis aial 1 ln' vjii; is ( hi- .i<'!ly ; 

- urtiral layer shinviii^l lie rmliaiin^i lines of (lie ein)>ti('il alvi-nli : r. fertili- 
ciMii r-(ine; g. germinal vesieh’, drawn pei liaps a liltle ton (ni)}'l\ , it In tiin. 
>i>n-;ik(i()wn about tlii.s time r,, ink rone: a, oil (lro|is:/d./a.,]>lnsina)ii(‘ii)bi-am'; 
'|n rni:ilnzo;iu: r. iti.. vitelline ineitihraiie: //.. yolk sjilierules. 


e. I^f iiciration of the spermatozoon. Following Iho dt^volopinont 
't the depression in the vitelline inenihrane eonstaiuent upttn 
die retraction of the fertilization cotie, the ])erivitellitie sjtaec 
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narrows around tho ontiro the depression in the vitelline ii , . 
bi-aiie therefor(‘ disappears and the sperniatozofin a^j;ain 1 h‘i-i 
prominent (‘Xt(‘rnally. It remains external until about foi'p 
lifty nuiiut(‘s from tln^ tiiiu* of insemination and then disu])],, 
lather al)rui)tl\' witliin th(‘ Its penetration eoineides witj. 

tli(‘ late ana])has(‘ or telo])hase of the first maturation divisi<jj,. n| 
witli th<^ ('Xtriision of the first polar body. 

A definitf' granule to which the tail is attached always reiiKiiii. 
on th(' mem})ran(“ at the ])oint of penetration. The (‘Vtolouic;}! 
study shows this to lie the middle ])iece, whicli does not (mti'r lii,. 
egg. Not o[il>' have 1 r(‘peated this observation freciueiillv n. 
two succ('ssive seasons, l)ut it has been demonstrated to classr-n; 
studimts at Woods Hole and to some of the investigators ihciv. 
The fnl({((le j)iece(in(i tdll of the sj>ermatozoon do not enter in (hf i) rl>~ 
ilznlion of the cf/f/ of Xereis. In view of the emphasis which li;i. 
naamtly lieen [uit on cytoplasmic contril)utions by the spernian- 
zoiin in fertilization, 1 paid i)articular attention to this point ii, 
Ili(' summer of HMl, and was able to determine not only that it 
fails to ent(n- at the same time as the sperm-head, but that it cin; 
be d(Mnonstrated external to the membrane up to the time of tin 
first cleavage at least (cf. also Just, ’12). 

1 have seen the ])(‘net ration of the sperniatoz(H)n take plact’ ii: 
all i)ositions from the animal to the vegetati^'e pole, and 1 (‘aimi*! 
stiy that tluMV is any jireferred point of entrance with refen'iici* in 
the i)oles. The existence of polyspermy, which is not infrc([ucni. 
])rov(‘s tiiat there is no preferred meridian for penetration. So n 
would ap])ear that any ))oint on the surface of the ovum may he 
used for ])enetration. 

J. The phenoinena of feriiUzatiou os rwen in sections 

a Before i)enelr(dion. Techni(|ue; The eggs are fixed for ai^ 
liour in Aleves' modification of Flemming’s fluid made as folhevv 
(’hromic acid O.o per cent, lo cc.: osmic acid, 2 per cent. ‘I’' 
cc.; glacial acetic acid, three drops. Staining in iron haematoxy- 
lin alone. 
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The sponiiatozooii is readily fouial in sections pri.n* to pern- 
.. .•Mill, and all parts can fiAMpiently Ix^ i'('co_L>'ni/(xi. tlioiiirh iln' 
usually invisible (uvin^ to extraction of ilu. stainr Tlit' 
,,, piece is always distinerly different iated. but it U rather 
variable in aiipearance. Its rin^-foim is usually distiiij^uishable 
.rctions and in some cases oiu^ or more minute ^ranuh's may be 
.liunmuished in it. The head stains solid bhu-k in th(‘ iron haema- 
o.xylim Filteen minut(‘s after insemination diu-. 2 . u. h, o iji,> 
.,,-iiMratormm has penetrated the vitiTiiu' nuanbrane and is in 
, Mi)ia<'t with tlu^ lertilizatioii coiua 
The fertilization cone its('lf pivsents a ratlu'r remarkable^ appc'ar- 
and it deserves very careful attrition, owinn- to tla^ rbie 
ii,;U it plays in the ])enetration of the' spei'inalozoon. Kittcm 
t,iiiiut(‘s after insemination it iirojeds sonuavliat aboveMlie' (am- 
toiir of the e^”', and its substaneea which is practically homoovm._ 
daiiismucli more deeply in tlu- iron haematoxylin than tlu' 
i;ciuliboi-in»' cyto])lasm. This difference' in staining reaction so 
oiddciily acejuired indicates a modilieatioii of its sub>tance> which 
!iiio;hl b(‘ concmveal as due to slight coa^'ulation by a fluid intro- 
<luccd l)y the spermatozofm. In any (went the change' in stain 
i-- due to its relation to the' spermato/obm and it is the' lii'sl indi- 
cation of its (‘onve'rsion into a speaaalize'd ce'll-oream 
A Icrt ilization eanu' has be'en desci-ibeal in \ arious e't'ji's O'chinids, 
a'lcmideam'tc. ). but in all cases ])i'('viously de^scribe'd its sii^nili- 
<';i!ic(‘ has been, appaivntly, merely temj)orary and local, a ivac- 
tioii of the (o iim to the spermatozoeiii with no dedinabh' function 
“I i‘s own. Tlie case of Xeare'is, howen e'i-. is \'(a-y difleremt, as will 
ac s('(‘n Irom the followino' de'seu’iption. 

At twe'iity-seveu minutes after insemination the' f(‘rtilizalie)n 
'•■'tK' no longer forms any projection (fig. d); it is usually, on the' 
'■oiitrary. some'whal (h'pivssed in the* center. The p('rforat«)rium 
''aiiiv somewhat more streingly than befoi'C'. 

At tiiirty-lour minutes alteu’ insemination the pei’foraloi’ium has 
'■nici’eal the suriaee (A the fei’tilizatioii cone' to a slight ewle'nt 
iiii- 4u and a small granule apiiears at its tip, suirounded by a 
diuht clear area. A little later (fig. d, m h, r, d, thirty-se'ven 
‘'•'nines after insemiination) thei'e is a gi'ouj) eif thre'e or four black 
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^mimics, which W(* shall (dUicJintCfif (/rnnak.^, at thf‘ tij, 

iIh* fx'rloratoriiini (M)ibo(l<l(*(l iKMir the surfacM* of th(‘ fortilizno,,! 

Ill one eas(^ ( ,") ri ) the perfoi’atoriurii is s(‘(mi to !)(‘ doui,!,- 

a {‘(nidition that I ha\'f‘ also observed once in a preparatiDu n’ 
spi'i-niatozoa aloiua 'Wo ])erforatoi‘iuin now stains very stronulv 
ddie spca'inatozotin is now, th(‘i‘(d'oc(a tietiially anchored in ih,. 
siibslaiKM' of lh(' IVrtili/ation cone by (he pcMdoratoriiiiii uhii 
atlachiiKMil ^raiiLik's noted abovea I iiitei‘pi'(*t tlie incrca^ci 
stnMifi;th of stain in the p(‘r-fora(oi-iuni as due to th(‘ How of vnP. 
slanc(‘ ihrou^h it from th(‘ spia'inatozoiui lo form tla^ ‘granule, 
found at its ti]) in th(' fertilization coiua 

()iu‘ can <i'i\'(‘ only a mor(‘ oi‘ l(‘ss probable intei'pretat ion n; 
thes(' plK'iionuMia. H'Ik' (‘xtrenie d(‘li(*acy of tlie ])ei-foi‘al(iriiiii; 
and (he pri'siuua' of a distal (udar^enKmt on it make it improbalik 
thal it bor(‘s through (Ik* membraiu' in a iiKU’ely mechani(‘al \va\': 
and tin' im])robability is s( I'en^tlumed by the fact tliat the >])('r- 
niatozobn isabsoluUdv imniobil(‘aft(‘rat ta(‘[un(mt (otliennmibiaiif. 
I( s(‘{'ms i)r()h(il>l(\ theiadoie, that tlu* vitelline membi'ane is wt'.tk- 
(Mi(‘d at (he point of application of th(‘ ])erforatoriuin, ])resum:ilily 
by a fluid flowing thi-ough the p(U-foi-a(oiium, though on accoimi 
of its extnmu* (kdicacy it is im|)ossibl(‘ lo lie certain that tlii' per- 
foratorium is tubular, ddn^ staining reaction and diffenmtiatinii 
tif (lu‘ fertilization cone could then lie ex])lained Iry the assump- 
tion that it is affected l>y a fluid furnislied by the s])ermatozoriii. 
and lh(‘ appearance of the granules within the fertilization cniii- 
as due to inflow from the s])ei‘]nalozoon through the i)erfor;!- 
torium. Th(‘ uKHdianlsm of the spermalozodii certainly ajipeiir- 
more complex than w(^ have hitherto suspected. I would assnnu'. 
therefonu tliat the material of the head ca]u forming a rcsi'cvoii 
of mat('rial at tlu‘ base of the ])ei‘ioratorium, functions in nbitiin, 
to p('n(‘li'ation. 

h. Potivfniiion. Tlu‘ a(‘tu;d iieiietratioii of the head of dn' 
sp(u’matozo()n is shown in ligs. b, 7 and 8, all taken from nialci;;ii 
pi'esia'\ed forty-eight and one-half minutes after inseminatieii. 
The conijilex made up of the fertilization cone and the head "i 
(he sj)ermatozo()n acts as a unit. The cone retreats into the iiitr- 
rior of (In' protoplasm and the head of the spermatozoon beconim 
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.. ohromatin band as it outers thruu^h tiu' miimt.' aper- 

ill the vitelline ineinbrane. Fios. i) ,, and ti l> litiv-tnur 
nates after insemination) show penetration eonipleted and it 
.\ ;li be noted that the middle piece remains exteiaial. 
l-xaniining now the details of this process, every stauv <.f whicli 
lutiiid in the preparations, we may note: 1 1 1 The sperm nui‘’eus 
throut^h an aperture in the membrane much smallni- i|,a,| 
ir.rif, and is hence drawn out into a strand. (2i Tla* inma* ciid 
nt ih(‘ entering siierm nucleus begins in sw(T. by absnrptlnii 
(if tliiid soon alter its eiitrai){‘e has be^uii (life's, li, 7, Si (,*>) 
Niiiac appear in the proto])lasm luyweim tlu' ferlili/ation com* 
;aid the stirlaee ol the (4) When lamel rat ion iias a(Muall\ 

ii(‘;:iui ilit;’. b) th(^ distance, (auax^spondirin- to thr hm^tli rf ilm 
lirrh.ratorium, whieh originally separatial tlu' clironmiiii of the 
.prrinalozobii from tlie attachment granuh's in (he fcrl ili/al ion 
rniir has become very mueh redmaah 'I’lu^ sperm luichaiN is tmw 
;(linost or a(‘tually in eontaet with (lie fertili/alion coia' i(i^s. P, 
7. sa 

If we inquire iuto the mechanism of this process, it is (]iiii(' 
iihvioits (liat the iiiitiati^-e, so to speak, is on t lu' side of i hi* o^•unl. 
h is inconceivable that the spermatozoon should lx* th(> primiuii 
iMovi'Us and push the fertilization eone befoia* it into the proin- 
jtla^iii without l)eing eoiled up or bent within the protoplasm, 
but. in the many instanees obseixi'd, it is in^■ariably as straight 
diown in the figures. The hulilizat ion coni' indei'd upfxvrs 
t" actively penetrate, or to be etigulfed by thi* egg prolophisni, 
and to draw the sperm nueleus after it through the narrow a|)er- 
’nre in the vitelline ineinlu'ane. 

1 he hind stage of penetration is shown in figs. P a and P If. Tlu' 
'■ntiri' sjierm nucleus is now within tin* I'gg iwtoplasm, some dis- 
Piina' from the periphery, and it will lie sei'ii that thi* middle 
pr'ci' has I’emaiiied without on the i^gg meiiibraiu'. PPiis is pi'r- 
!*‘<-tly cliaracteristic, if not iiixariable. and the same ohsi'rva- 
was made reixaitedly on tlu* living egg as already stated. 

I he picturi' is piu'fi'ctly cliair as shown under a \'cry higii magiii- 
|‘'aition ill fig. p 6, and not only is the middli* fiii'ci' phdiily (‘xteriiah 
there is no sign whatever of any s])enii-eoui])on('iit a( tlu' base 
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of (Ik* sporni Hoad. An ass\iinption that the spermatozoon ii, n,. 
due(*s any differentiated structure at the bast* of the liead ci. i],] 
ill this ease, be dm* only to a pr{*eoneeption in its fa^’or. 

Rfvahdioti <\f /Ae and angin af the i^penn-a.-;, j- 

TIh* orij^inal orif‘ntation of the >perni nueleus within the (‘no j. 
j)erfeetly ap|)ar(*iit. owin^ to tlu* assoeijition of its apex with il],. 
fertilization cone fi'oin the v(*ry be^innin^ of pei^etration. 4’hc 
whole complex of fertilization cone and s])erin nucleus now rotan*. 
ISO d(*j;rf’(‘s, so that th(* fertilization cone, which was jdaced ecu- 
{rally to lh(* sj)erin mn*leus, com(*s to li(* }ieriph(*ral to it. In jjn 
10 a (fifty-four miiiu{(*s aft(*r ins(*mination} tin* revolution is sli()\\jt 
tuatrly compl(*l(*d. Ki^. K) b shows tin* con('-nucleus-ast(*r C(nii- 
pl(*x of th(‘ same iic)r(‘ hit!;hly nia^nili(*d; and ti^s. lO r 
10 d show the (‘titi'ancc* ])oint of the spermatozoiin inyohaal. with 
tail (10 c) and middle pi('ce (10 d] exteiaial to the vit(41ine iiicai- 
branc. Tlu' sperm asteris b(‘^inniiip; toform in this sta^coppo^iii- 
to tlu* fertilization coin*, thus in the ixisition of tlie oia^inal niiddlr 
pi(‘C(‘, which, as w(* have se('n, was l(*ft on tin* e^^’ membrane. A 
niinut(‘ ^;ranul(‘, actually in tin* substanc(' of the nucleus (fifi;. ID h 
is th(* point of focus of tlu* rays. In ti^. 11 Isixly-foiu' niimuc^ 
aft(*r ins(*miiiation) this n;i’anuie. now more ckairly r(*co^nizahlc. 
is still in contact with the s])ei'ni nucleus. Tlu* rotation of tin- 
sptu'in nindeus is inx'ariabU*. and no ('xception has b('(*n seen ii; 
the numerous ctis('s ()bs(*rved; tin* point of ori;;in of the sp(‘rii: 
aster is just as invai'iable. 

Th(‘ fact that the s])erm ast(*r ai’is{*s from the base* of the spiTin 
niK'leus as it is oriented in the sp(*rmatozo()n, not only in NA'i’i'o 
but in all otlier forms accurately deti'nnined, is luupiestioiialdy 
of fundamental si^nillcaiice. 1 may, however, be ])ennitte(l to 
l)oint out that the usual interpretation, which (amnects the s])(‘riii 
aster with tlie cenlrosomi* of the s])ermatid (oecuinuii^ this pn-i- 
tion in the s])ei’matozo()n) is not the only possible interpr(*taiioii. 
It is important to (uipihasize this ])oint because stich an iiitiaprc- 
tation ascribes the fertilizino' ])ower of the spermatozoon in tin' 
last analysis, not to the s])ermatozoon as a w'hole, but to a niiniito 
l)art of it. the cenlrosome; and it involves a ^vhole theory not only 
of fertilization, but of cell division in general, and much of cellular 
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pliysiology, by ascribing certain very general functions and powers 
10 this minute cell element. 

The alternative interpretation, which I would present, is that 
the appearance of the sperm aster in a position definitely oriented 
with reference to the sperm nucleus may be a nucleo-plasmic 
reaction localized by polarity of the nucleus. 

In any case, if the centrosome theory is to be retained for Nereis 
it becomes necessary to assume that, in this form, the centrosome 
is contained, not in the middle piece, but in the nucleus of the 
spermatozoon. In the experimental study, which forms the 
...eeond part of the present paper and study number 4 of the series 
1 sliall present crucial evidence against this assumption; disrus- 
-idii of the matter may therefore be postponed. 

After the appearance of the sperm aster, the nucleus penetrates 
yet more deeply within the egg and leaves the fertilization cone 
behind near the inner margin of the yolk (fig. 11), where it soon 
disappears. So far as I know, it is a perfectly unique cell organ, 
except in its earliest stages, and it is certainly surprising to find 
it in so highly differentiated a condition, and with apparently so 
active a function.in the penetration of the spermatozoon, as it is 
ill Xereis. 

(L Division of the sperm aster. The sperm nucleus in()\Ts 
towards the center of the egg, and the aster separates from it a 
little and divides, forming an amphiaster. A secondary spijidle 
ihen arises between one or both of the sperm-centrosomes and t lie 
inner centrosome of the second maturation spindle (figs. 12 and 
hi ). This has been very fully described by Bonnevie (TO). Shortly 
iiKer the sperm amphiaster is formed, it is noticeable that one of 
the asters and centrosomes.is decidedly larger than the other 
figs. 13 and 14 a). Bonnevie has also called attention to this 
hict, but has not, as I believe, sufficiently emphasized the fact 
that it is a secondary condition. I must dissent a little from her 
new that the sperm aster does not always divide prior to the com- 
pletion of the second maturation division; in my material, at least, 
the amphiaster is invariably formed prior to this time. 

e. The germ nuclei and origin of the cleavage centers. After the 
'^eond polar body is formed, the egg aster gradually dwindles and 
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disappears (figs. 14 a, Ub and 15). There can be not the lean 
doubt of this fact in my material, though Bonnevie, working on 
the same form, but with different cytological methods, remains 
doubtful on this point. I shall not attempt an elaborate cytologk 
cal analysis of the matter here (though the evidence from this 
side is, I believe, conclusive), because in eggs from which the 
sperm nucleus has been removed experimentally the gradual 
disappearance of the egg aster can be traced with complete cer- 
tainty, owing to the absence of any possible confusion with the 
sperm aster (see second part of this paper, p. 440). The fully 
formed egg nucleus in such eggs never has a trace of the aster 
(see studies 2 and 4). The chromosomes of the egg swell aiirl 
form vesicles (figs. 14 a, 14 6, 15), which gradually fuse together 
and establish the egg nucleus. At the same time the s])criii 
nucleus begins to enlarge (fig. 14 h) and the sperm amphiasUM- 
becomes less distinct than before and its radiations less extensive 
(figs. 13, 14 and 15). The sperm amphiaster continues to want* 
and when the two germ nuclei have come together, the smaller 
aster has become indistinguishable (fig. 15). The larger aster 
can, however, always be distinguished through the stages of th<' 
germ nuclei, and can be seen to become the larger aster of tht- 
first cleavage spindle after the partition wall between the germ 
nuclei has disappeared (figs. 16 a, 16 6, 17). At this time a 
much smaller aster arises opposite the larger (fig. 17), like it in 
the plane of apposition of the germ nuclei. The first cleavage 
spindle is thus heterodynamic from its inception, and the first 
cleavage of the egg is strikingly unequal, as is well known from 
Wilson’s study (Wilson, ^94). 

In the preceding paragraph I have summarized a very con 'pli- 
cated period of the fertilization process to which I have given 
much study, and which exhibits many interesting cytological 
details, as for instance, the accumulation of granules in the neigh- 
borhood of the germ nuclei (figs. 15 and 16 a) which almost 
certainly escape from the latter (fig. 16 a). As regards the 
main point, the origin of the cleavage centers, there can be no 
doubt that the larger one is derived. from the larger aster of the 
sperm amphiaster, for it can be followed continuously and ^ 
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never absent. The simplest interpretation of the smaller clea^ aRp 
center is that it represents the smaller sperm aster, althoufih 
there is a brief period when it is not demonstrable, owing (posMbI v) 
to defect in the cytological technique. It is my opinio,,, then, 
(hat the sperm amphiaster becomes the cleavage amphiastcr in 
Xer(^is, as in so many other animals. 

5. Discussio7i 

If any apology is needed for presenting so strictly a moiphologi- 
oal study of such an apparently threadbare subject as the fertili- 
zation of the ovum, I might say that the impulse to make it came 
from an experimental study, and that it is necessary to the experi- 
mental results which follow. It has, moreover,' yielded some 
details of observation which deserve to go on record on their 
own account. 

The conclusion that the cleavage centers arise from the sijerm 
centers is in agreement with many other studies. But I am 
unable to accept the usual conclusion that the sperm centers 
arise around a centrosome introduced by the spermatozoon into 
the egg, and that, therefore, the sperm centrosome is the fcliliz- 
tog agent of the spermatozoon, and the sperm nucleus concerned 
exclusively with amphimixis. The crux of the problem is juc- 
fisely here on the question of the origin of the sperm centers. 
The fact that the middle piece of the spermatozoon which usnallt- 
includes the spermatid centrosome does not penetrate the egg in 
Nereis is evidence of a certain amount of value only. Defects in 
cytological technique may always be invoked to explain failure 
to observe the introduction of a centrosome by the spermatozoon, 
kittle as I may be inclined to admit this, it is necessary to grant 
Kline force to this objection where such delicate cytological 
details are involved. It would, however, I believe, be recognized 
ii-' crucial evidence that the sperm centrosome is not necessary to 
lertihzation, if a distal fraction of the sperm head alone were 
proved to form a sperm aster, a certain portion of the ba.ve of the 
perm head as well as the middle piece being prevented from 

entering. Such results are described in the second part of this 
paper. 
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There has been hiuch discussion during the past year concern- 
ing a cytoplasmic basis of certain aspects of inheritance, and a 
consequent re-investigation of the penetration of the sperniatf>- 
zoon. Following Meves^ study (Tl) of the role of plastochondria 
in the fertilization of Ascaris, in which he concluded that “the 
plastosomes represent the hereditary substance of the cytoplasm 
as the chromatin does that of the nucleus,” a number of authors 
investigated the penetration of the spermatozoon in echinids. 
Dantan (Tl) asserts that in Paracentrotus lividus and P^am- 
mechinus miliaris, the entire spermatozoon enters the egg, and lie 
concludes that fertilization should be defined as the union of two 
complete gametes which fuse nucleus to nucleus and cytoplasm 
to cytoplasm. . Witschi (41) describes a case in Strongylocentrotus 
in which the tail of the spermatozoon entered in fertilization, but 
he thinks it probable that in this form the tail is oftener left on 
the membrane. Hies (41) describes a curious shedding of an 
involucre in the penetration of the spermatozoon in btrongylo- 
centrotiis, but he believes that the axial structures of head, middle 
piece and tail enter. His account must, however, be accepted 
witli considerable reserve until confirmed. ' Finally, Meves ('Ikj 
has studied the relation of the middle piece in the fertiliza- 
tion of Parechinus miliaris, and believes as the result of his obser- 
vations that it probably furnishes plastochondria. He says noth- 
ing about penetration of the tail, so it is fair to assume that it 
does not occur in Parechinus. 

The classical accounts of the penetration of the spermatozoon 
in sea-urchins, according to which the tail is left on the meinbiane 
and only head and middle piece enter seem to be on the ^\hole 
confirmed so far as the main principle (i.e., the non-essential 
character of the tail in fertilization) is concerned, since both 
entrance and non-entrance have been observed. Ihe tail cannot 
therefore be regarded as supplying a cytoplasmic basis for inherit- 
ance in sea-urchins. 

I have shown that in Nereis the middle piece of the spermato- 
zoon is likewise left on the membrane, so we cannot look to it a 
cytoplasmic basis for inheritance in this form as Meves does in t e 
sea-urchin. On the other hand it is possible that the fixation 
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granules introduced by the spermatozoon reiDrcsont a cytoplasmic 
element (whether concerned in inheritance or not), but of tliis \v(' 
cannot be certain until their derivation is bettor known. 

The only characteristic thing about the cytoplasmic elements 
introduced by the spermatozoon is their great variability as to 
quantity and character in different animals. In Asearis a very 
large quantity of cytoplasm containing characteristic plastosomes 
introduced, as Meves has shown. In many, probably most, 
forms with flagellated spermatozoa, the entire spermatozoon 
enters; in some echinids the tail is left without, and in Nereis 
both tail and middle piece fail to enter; and turning to plajits, 
in phanerogams apparently nothing but the nucleus is eventually 
concerned. There is nothing on the cytoplasmic side to corre- 
spond with the regularity of the nuclear phenomena in both ani- 
mals and plants. In such precise phenomena as those of inlicrit- 
ance a mechanism of equal precision is to be expected, and it 
mu.^t be admitted that on the cytoplasmic side no such mccdian- 
sin has been discovered. Moreover, as the laws of inheritance 
ire the same for animals and plants, a similar mechanism must 
>xist for both, and such has been discovered only in the nuclei of 
he gametes. There is bad logic in the assumption that what- 
^'er parts of the spermatozoon enter the egg are nccossailh’ 
ioncerned in the mechanism of transmission in inheritance, and 
the view that the cytoplasmic elements of the male gamete are 
concerned primarily in accessory functions of fertilization, such 
as locomotion and penetration, is still logically well founded. 

IV. The fertilizing power of portions of the spermatozoon 
1, Introduction and 7nethods 

In the second of these studies (F. R, Lillie, Tl) it was shown 
that the stimulus of the spermatozoon in fertilization involves 
two phases: (1) an external phase, prior to entrance of the sper- 
tnatozoon but after its attachment to the egg, in which certain 
Oirtical changes are induced, jelly is secreted by the egg and the 
nipchanism of maturation of the ovum is released; and (2) an 
ititernal phase beginning after the entrance of the spermatozoon, 



428 


FRANK R. LILLIE 


which is necessary if cleavage of the ovum is to take place. The 
present study is a contribution to the analysis of the latter phase 
based on observations concerning the fertilizing power of por- 
tions of the spermatozoon. 

It is questionable whether any direct and universal method for 
such an experiment could be devised, for one would have to over- 
come the difficulties of isolating a spermatozoon, of operating oii 
it, and of ensuring the entrance of a part into the ovum, under 
precautions that would preclude the possibility of fertilization by 
an intact spermatozoon. These difficulties might be overcoinr 
by an instrument sufficiently delicate to enable one to amputate 
parts of the attached spermatozoon before its entrance into the 
egg. The same result has been obtained in Nereis by a inethoil 
that enables one to operate in bulk, to remove fractions of the 
attached sperm head of varying size, to observe the entrance of 
the part remaining attached to the egg, and to study its fertiliz- 
ing effect, at least to a certain extent. 

In brief, the method consists in centrifuging the inseminatcil 
eggs of Nereis at five minute intervals before penetration and pre- 
serving the centrifuged eggs at appropriate times. The effective- 
ness of the method depends on conditions already described Oee 
part 1 of the present paper, study 3 of the series) which may be 
summarized briefly as follows: The spermatozoon remains exter- 
nal to the vitelline membrane \vith its perforatorium embedded 
in the entrance cone for about fifty minutes, more or less, depend- 
ing on the temperature, after insemination. It is embedded intbe 
thick viscous jelly secreted by the egg (text figs. 1 and 2). If. 
now, a quantity of eggs be centrifuged with sufficient force, they 
first accumulate at the distal ends of the tubes in a mass which 
becomes closely packed together. The jelly, which is of lesr- 
specific gravity than the eggs, then separates from the latter and 
forms a layer above the eggs, in squeezing through the nanwv 
interstices between the closely packed eggs the^ jelly rubs over 
the surface of each egg and in many cases carries the attachei 
spermatozoon away with it, leaving, however, the pcrforaforiiini 
and attachment granules in the cone as evidence of its fornier 
presence. In other cases, especially if the eggs be centri ugf 
shortly before the time of penetration of the spermatozoon. i 
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draws out the substance of the head of the spermatozoon whicli 
i. very ductile at this time, into a strand, and in numerous cases 
it carries away the tail and middle piece or variable portions of the 
lipad in addition. Partial sperm heads of all sizes are therefore 
left attached to the egg by the perforatorium. Such partial 
sperm heads then penetrate, if the eggs be left to develop in sea- 
water, and their behavior may be studied. 

In each experiment 8 or 9 stages in the process of fertilization 
were centrifuged at five minute intervals, in order to be sure that 
(he entire period of penetration of the spermatozoon was co\-crr'd, 
because particularly striking results were to be expected from’ 
removal of the external part of the spermatozoon after a certain 
amount had entered (figs. 6 to ,8). Several hundred eggs wore 
centrifuged each time. One has to be sure that neither too little 
or too much centrifuging is done, and it was only as a lesult of 
considerable experience extending over three years that sixty 
re\'oIutiQns of the handle of the centrifuge in about foidy seconds, 
giving 7200 revolutions of the tubes at a radius of t( cm., was 
selected as most favorable. 

The following protocol of an experiment will show exactly how 
the experiments are carried out and the material secured for 
examination. 

Experiment 16 


Saptembtr 21, 1911 

To pre.serve a scries immedi.ately after centrifuging and thirtv minutes later 
Eggs fcrtjliz ed atS:2 8 a.m. Temperature of air, IS'C. ; of water, 1S°C. 


m-;«!<:v.iTrox CE-vraiFirGiNG 


rKESKnv\Ti()x 


OBSEtIVATinxfi ON PKH ( F.XT 
OF SEfiMKXTKD EGGSAMO\fi 
THOSE REMAIXING 


16.1 

16.2 

X60 

a.m. 

8:58 16.1.1 

0.773. 

8:59 

16.1,2 

a.ru. 

9:29 

35 per cent 

a. M. 

10,47 

X 60 

9:03 16.2.1 

9:04 

16.2,2 

9:34 

15 per cent 

10.48 

16.3 

16.4 

16.6 

16.6 

16.7 

16.8 

16,9 

X 60 

9:08 16.3.1 

9:09 

16.3.2 

9:39 

10 per ecut 

10.52 

X bOi 9:13 16.4.1 

9:14 

16.4.2 

9:42 

5 per cent 

10 54 

X 60 

9:18 16.5 1 

9:19 

16 5,2 

9:49 

25-30 percent 

10 55 

X 60 

9:23 16.6,1: 

9:24 

! 16,6.2 

9:53 

65 percent 

10.56 

X 60 

9:28 16.7.11 

9:29 

: 16.7.2 

9:58 

75 percent 

10.57 

X 60 

9:33 16.8.1 

9:34.5 

; 16.8.2 

11:03 

85 percent 

11.02 

X 60 

9:38 ,16,9.1 

9:39.5 

' 16.9.2 

11:09,5 

90+ percent 

11.03 

t ontrols— preserved at 8 ;57, 9 :12.5, 9 :35 

A.M 


90+ per cent 

11.05 
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the eggs preserved immediately after centrifuging enable one 
to study the immediate effects of the separation of the jelly on the 
spermatozoon, and those preserved later show what portions of 
spermatozoa remaining attached after centrifuging have entered 
the egg and what their fertilizing power has been up to the time of 
preservation. Some of the eggs were kept living for estimation 
of the per cent of eggs that undergo segmentation (last column). 
In other experiments the eggs were preserved at different periods 
following centrifuging, because no single experiment gives a suffi- 
cient quantity of material for preserving a complete series of 
stages. In this way from a considerable number of experiment> 
a very complete set of stages was secured. 

Each lot of eggs preserved included several hundred which were 
embedded together in paraffine and cut in serial sections which 
would usually cover four or five slides under a 50 by 25 mm. 
cover, if all the material were cut. On one such slide I estimated 
by counting that there were 374 eggs present; and the 1911 mate- 
rial alone made 376 slides. Only about a fourth of the slides 
contain the desired stages, and the figures are given only to slunv 
that a large quantity of material has actually been under review to 
give the results. However, I may say that figs. 18 to 23 arc all 
from a single slide, and other interesting stages occurred on tin- 
same slide; it is possible in fact to demonstrate the whole set nf 
phenomena from a few slides of^the large number prepare{l. 

The elew to the whole set of phenomena was given by the di>- 
covery of very minute sperm nuclei in the material used for the 
second of these studies (F. R. Tvillie, HI). In the effort to dis- 
cover the origin of these minute, and presumably partial, sperm 
nuclei, the whole history w as gradually worked out as given here. 

The centrifugal force employed causes a very complete segre- 
gation of the oil and granules of the egg into four zones wdncli are 
illustrated in text fig. 3, taken from a section fixed in jSleve< 
modification of Flemming’s fluid and stained in iron haeinatoxylin. 
These zones are, beginning with the constituents of least specific 
gravity; (1) the zone of the oil drops; (2) the hyaline zone in wiiich 
the smaller basophile granules gather for the most part ; (3i flu 
zone of the yolk-spheres; (4) a zone consisting of small hyaline 
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spheres not stained by the osmic acid or haematoxylin, iniei'- 
spersed with basophile granules larger than tliose of zone 2. I'ho 
penetration and rotation phenomena appear in the hyaline zone 
e\ en more clearly than in the normal egg, hence most of the figni'os 
illustrating these phenomena are taken from the hyaline zone. 

2. The effects on the spevniatozoa 

• 

a. Before the beginning of penetration. The effects of the re- 
moval of the jelly on the spermatozoon have been studied e.speei- 
ally on stages shortly before penetration begins, both because these 
are the stages most affected as shown by the effects on elea\'ag(' 



Text fig, 3 The zones of the centrifuged egg of Nereis 

(■Stages 16.3 and 16.4, in the preceding table) and also beeansi' 
spermatozoa injured at this time would presumably have a better 
chance to enter, being so near to the actual time of penetration. 
^ ligs. 18 to 23 show successive degrees of injury to spermatozoa 
from a single experiment (6.5 of 1911). The eggs were preserved 
mimediately after centrifuging 7200 revolutions at a radius of 6 
c">- in thirty-live seconds, fifty minutes after insemination, on 
■ line 19, 1911, when the temperature of the water was still quite 
low and the processes correspondingly slow. .In fig. 18 the entire 
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head of the spermatozoon is present as shown by the middle 
■piece^ but it has been drawn out to a band and shows its granu- 
lar structure. Fig. 19 shows a case in which the middle pioee 
and a small part of the base of the sperm head has been entirely 
removed. Figs. 20, 21, 22 and 23 show the removal of increas- 
ingly large portions of the sperm head. Cases could be illus- 
trated beyond either end of this series in which on the one hand 
the spermatozoon is entirely uninjureS, and on the other hand 
even the perforatorium is pulled out of the entrance cone. The 
cases illustrated are merely selections from a very much larger 
set of observations. 

It is shown, therefore, that practically any degree of injury to 
the spermatozoon may be produced prior to its entrance. Cases 
in which the delicate perforatorium is broken next the head leav- 
ing only the cone and attachment granules are the most common 
as is to be expected; but the other classes of injury bear witness to 
the tenacity of the hold of the spermatozoon on the egg. 

b. Injuries to the spermatozoon after penetration has be(jmL 
This class of •injuries is relatively rare because the actual process 
of penetration requires only about two minutes, and the cliance^ 
of involving it are therefore correspondingly few. However, I 
have found a considerable number of such cases in the prepara- 
tions. At first I looked to such injuries as the only source of the 
partial sperm nuclei already observed in the egg, but as I made the 
observations described in the preceding section, I realized that 
they were not the only" or indeed the chief source of such partial 
sperm nuclei. Figs 24 and 25 illustrate two cases from the same 
experiment (6.5.1, 1911) from which figs. 18 to 23 are taken, hi 
fig. 24 itwill be seen that penetration has already begun (cf.fig.hh 
and the external part of the spermatozoon is ravelled out and the 
middle piece, at least, lost. Fig. 25 is a little more complicated: 
in this case penetration had probably reached a condition inter- 
mediate between figs. 6 and 7. The centrifugal force has doubled 
up the part of the sperm in the egg, and drawn out the externa! 
part removing the middle piece. Fig. 26, finally, is a clear cut 
case, the external part alone being removed entirely, and the 
remainder showing a clear penetration picture. This is the prob- 
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able interpretation of this picture, althougli it was taken from a 
preparation killed fifteen minutes after centrifuging; further pene- 
tration following centrifuging was probably prevented in this case 

bythe large oil drops which were driven around the enteringspenu. 

S, Penetration of injured spermatozoa 

Injured or partial spermatozoa may enter the egg, demon- 
strating that penetration of the spermatozoon, after attachment 

once secured, is an active function of the egg and not at all of 
movements of the sperm itself, if any further evidence is needed 
on this point. But if the entire spermatozoon bo removed, the 
cone remains superficial and does not penetrate; at least I have 
repeatedly found it in a superficial position fifteen to thirtv or 
more minutes after the normal time of penetration, and I hav(‘ 
uQVQr found it actually penetrated unless accomimnied by all 
or a part of the sperm nucleus. 

The evidence for the entrance of injured or partial sperm heads 
is furnished by cytological study of eggs fixed at definite periods 
after centrifuging. Particularly clear evidence is furnished by one 
series of nine stages fixed fifteen minutes after centrifuging! In 
the fifth stage of this series centrifuged fifty minutes after insemi- 
nation and fixed fifteen minutes later, early stages of penetration 
are very abundant, and among them are some that show unequi- 
vocal evidence of being partial sperm nuclei, for there are numer- 
ous cases in which an injured part of the sperm head is left out- 
side on the membrane and thus guarantees the partial Jiature of 
the sperm nucleus within. Some such cases are illustrated in 
figs. 27 to 32. 

Fig. 27 shows a case killed fifteen minutes after centrifuging 
in which the connection between the internal and external parts 
of the spermatozoon is entirely broken. The partial sperm nu- 
cleus within the egg and the cone have already begun to rotate, 
hi fig. 28 we have a similar case, except that there still remains 
a delicate connection between internal and external parts of the 
spermatozoon, and this condition would lead, by rupture of this 
connection, to the condition shown in fig. 27. It would seem, 
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then, that the spermatozoon may be so injured in the proces,^ of 
centrifuging that it ruptures in the process of penetration, and we 
thus learn that partial sperm nuclei may come from spermatozoa 
merely injured and not actually broken in the process of centri- 
fuging. It should also be noted that in each of these cases the 
fhternal part of the spermatozoon is divided in two parts; presum- 
ably after penetration, by constriction around an injury. Fig. 
29 shows a condition similar in many respects to figs. 27 and 28. 
in that the entire spermatozoon is present, and a large externa! 
part is separating from a smaller internal part. Figs. *30 and 31 
show the early penetration of parts of spermatozoa, recognizable 
as such merely by their small size in the absence of the external 
part. The cases illustrated in figs. 30 and 31 ‘are such as would 
be derived from injuries similar to those shown in figs. 20 and 21. 

Rotation of the sperm cone complex has already begun in figs. 
27 to 31, while tfie cone is much nearer the surface of the egg than 
n normal fertilization. Rotation begins immediately after pene- 
tration is completed, and hence takes place nearer to the surface 
when portions only of the sperm are concerned than when the 
whole sperm is concerned. In this connection the reader should 
compare figs. 9 and 10. 

//. Stages of rotation of the partial sperm nuclei and origin of (he 
sperm aster 

Convincing evidence of the partial nature of sperm nuclei in 
later stages of rotation and origin of the aster is difficult to secure, 
in spite of the fact that the control consisting of part of the same 
lot of eggs preserved immediately after centrifuging may show 
numerous instances of partial sperm heads like those illustrated 
in figs. 18 to 26. The difficulty of securing unequivocal evidence 
arises from the fact that mere size, except in extreme cases, is no 
longer a safe guide; in theffirst place the diameters of the nuclei 
vary only as the cube root of their volumes, hence considerable 
differences in volume may be represented by undetectable difier- 
ences of diameter. In the second place the sperm nuclei are not 
round and all are not in favorable positions for comparable nioa'- 
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urements. Ip the third place the volume of the sperm mu* eiw 
normally increases considerably for some time after entrance ai'd 
the difficulty of deciding whether comparable stages are involved 
is sometimes great. 

In spite of these difficulties, however, I have found sperm 
nuclei which must be interpreted as partial on the basis of their 
<\zQ alone j especially in later stages. 

Fortunately however, it is not npcessary to rely oh size ditfer- 
enccs alone for in some of these stages, as in the case of the pen.>- 
tration stages just considered, a remnant of the sperm head may 
be found adhering to the membrane ^vt the point of entrance 
guaranteeing the partial nature of the sperm nucleus within. ’ 
few of these stages may be considered first : 

Fig. 32 shows a case immediately continuing those described in 
Section 3. Here the rotation had already begun, a.s evidenced 
by the position of the cone, a very delicate connection still remain- 
ing with the external part of the sperm head impedes the rotation 
of the sperm nucleus within. Fig. 33 a and b shows a moi'e ad- 
^■allced case; in fig. 33 a the cone and sperm nucleus are sliown 
almost half rotated. One would not be able to decide from 
the size that it was a partial sperm nucleus, but the next .section, 
.shown in 33 h contains a considerable portion of the sjx'rm he.acl 
.^till connected with the middle piece which has remained without 
on the egg membrane. This is a very critical case, demonstrating 
tliat a partial sperm nucleus will rotate like a complete one. The 
portion m 33 6 is entirely disconnected from the nucleus shown in 
33 a; they are in the very act of separation. In tig. 35 wc have a 
very fortunate section in which a completely rotated fertilization 
complex; cone, sperm nucleus and aster, is present, and a con- 
siderable portion of the shmc sperm head is found on the mmn- 
brane outside the egg; the external portion is entirely comparable 
to the condition shown in figs. 19, 24 and 25 and there can be no 
d'lestion about its interpretation. Undoubtedly, the condition 
came from one essentially similar to that shown in fig. 2,5; it is, in 
tact, exactly what one would predict a later stage of theeondi- 
tion of fig, 25 to be, assuming a break to occur between the parts 
"■ithm and without the membrane. 
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Fig. 36 shows a case in which part of a sperm head has been left 
[)ehind in the peripheral protoplasm at the point of entrance, and 
we have the completely rotated complex of cone, sperm nucleus 
and aster within. Another similar case is illustrated in fig. .37 
and still other illustrations could be given. 

It will be noted that there are very considerable size difference^ 
in the sperm nuclei of figs. 35 to 37, and all of these are distinctly 
smaller than the normal comparable stage shown in fig. 11 . But 
in these cases it is not necessary to rely on the distinctly smaller 
size as evidence of their partial nature, for we have the evidence 
of sperm remnants left at the point of penetration. In figs. 38 
and especially 39, however, we have cases in which the undeniably 
minute size of the sperm nuclei alone is sufficient evidence, taken 
in connection with the records of injury to the external sperm 
head by removal of the jelly illustrated in figs. 18 to 26, to prove 
that they have been derived from a mere fragment of an entire 
sperm head probably (in the case of fig. 39) not exceeding one- 
sixth to one-eighth of the bulk of the entire head, although the 
external part was entirely lost in this case. 

It is, perhaps, not necessary, but it may be well to emphasize 
the fact that the cases selected for illustration are all from com- 
plete series of sections, and that the neighboring sections were 
always consulted for possible parts of the sperm nucleus. The 
small size is not due to division by the microtome knife. The cases 
described are selections from a much greater number of records. 

It will be noted that if small Jragments of a sperm head can 
produce aster formation in the egg, the possibility of polyspcrn y 
with parts of a single spermatozoon is given. This condition, 
which I anticipated on theoretical grounds, was finally found 
and is illustrated in fig. 40. There are two sperm nuclei, each with 
an aster, associated with a single cone. The small size of these 
nuclei marks them as partial, and their connection with a single 
cone as parts of a single spermatozoon. The. only alternative 
explanation of this figure would be that two spermatozoa had 
become implanted so close together as to produce a single cone, 
and that they had received comparable injuries in the process of 
centrifuging. Against this explanation are the results of man} 
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obr^ervations of polyspermy in none of which was implantation 
nearly close enough together to produce a single cone; in one series 
that I possess many eggs have thirty or more spermatozoa inu 
planted, but the points of insertion are always separate. More- 
over, in such a case one would expect the cone to be larger than 
usual, but in this case it is a little below the average .'^ize; one 
would also expect to find two equal groups of implantation 
granules with separate attachments of the nuclei, but only one 
group and one attachment is found here, viz., in the nucleus to the 
left; the granule near the right nucleus is too small to represent a 
.separate implantation group, and moreover, it has no c'onnection 
with the neighboring nucleus. Finally, it will [)e seen that con- 
ditions such as those illustrated in figs. 27 and 28 must inevitably 
lead to the condition of fig. 40 if the fragments of the sperm head 
do not reunite. 

There is thus every reason for interpreting these two nuclei 
as parts of a single one. This rare find s mply emphasizes the 
conclusions already reached concerning the fertilizing power of 
portions of the sperm head. 

Without attempting at this place to discuss the results fully, I 
would, nevertheless, emphasize the two facts of greatest impor- 
tance already brought out. In the first place it is shown that au 
apical fragment of the sperm head is able to produce an accompany- 
ing aster in the egg cytoplasm; the sperm aster has therefore no 
necessary relation to the middle piece of the spermatozoon, or to life 
centrosome of the spermatid. In other words, using the formation 
of a sperm aster as criterion, the fertilizing power of the spermato- 
zoon is not localized in the middle piece, as supposed by Boveri 
and others, but is a function of even small fragments of the speimi 
nue’eus alone. In the second place the gi»eat beauty of this 
material is that the orientation of the sperm nucleus, whether 
entire or partial, is preserved until after the origin of the sperm 
aster, and this enables one to determine that the sperm aster 
always arises in relation to the most basal point of the sperm 
nucleus. Altogether, I have observed well over one hundred 
fa.ses of entire and partial sperm nuclei in, these stages, and have 
never found any exception to the rule that the sperm aster arises 
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at the point of the sperm nucleus farthest from the cone. In 
other words, the position of origin of the sperm aster is a function of 
polarity of the sperm nucleus^ and it is this which explaiiS its invari- 
able origin, so far as has been -recorded in the literature, in the 
positign of the middle piece of the spermatozoon; and the theory 
that a centrosome introduced by the spermatozoon is necessary 
for such formation is therefore shown to be incorrect. 

The results so far show that sperm fragments, even of very 
minute size, may enter the egg in conjunction with the cone, rotate 
in the normal manner and produce an aster in the egg-cytoplasm. 
The question now arises, what is the ultimate fate of such frag- 
ments? Is their fertiFizing power adequate to produce segmen- 
tation of the egg? 

5. The later history of the partial sperm nuclei 

Partial sperm nuclei separate from the cone and penetrate 
towards the center of the egg like normal ones (figs. 38 and 39). 
The sp^rm aster divides and forms an amphiaster in the stage of 
the anaphase of the second maturation division characterized by 
inequality of the turn poles as in the normal. But apparently the 
size of the centrosomes and the extent of the astral radiations 
are directly proportional to the mass of the sperm nucleus con- 
cerned. This is brought out very well in fig. 41, which is a recqn- 

ruction from three successive sections showing two sperm nuclei 
of unequal size in the same egg. The egg in question had been 
centrifuged forty-four minutes after insemination and was pre- 
served forty-seven minutes later in the stage of the telophase of 
the second maturation division. It will be observed that the 
larger nucleus (left) is accompani^ by a larger centrosome and 
aster than the smalfer one (right), and it should be stated that the 
aster in each case is the larger one of an amphiaster. Here, where 
direct comparison between nuclei of unequal size and their accom- 
panying asters within the same egg is possible, the proportional 
size of asters to nuclei is obvious. I do not mean of course to 
assert that the proportions are matheniatically accurate for this 
would be impossible to determine. 
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■ Iji general, larger sperm nuclei are accompanied by larger 
and smaller nuclei by smaller, roughly proportionai, asters, 
after they Ire fully formed. Exceptions th this rule are certainly 
rare. I have, however, found a very few cases, two or three iii 
all, in which a very small sperm nucleus is accompanied by a 
disproportionately large aster. The explanation of such cases is 
uncertain, but I am inclined to- attribute it to a secondary retlnc- 
tioii of'the sperm nucleus after penetration and aster formatioii. 
such as might conceivably result from some form of injury received 

in centrifuging. 

The significance of this proportional relation is at once apparent ; 
if the aster is a product of a nucleo-cytoplasmic reaction of soim^ 
kind, as we have already seen reason to believe, there must be a 
quantitative relation between the product (aster) on the one hand, 
and the reacting elements (nucleus and cytoplasm) iu\ the other, 
and this is what we find. 

After maturation is completed and the germ nuclei are formed 
we have to find a new criterion for partial sperm nuclei. Com- 
^ parison of size of the egg and the sperm nucleus alone is not very 
satisfactory, because both nuclei are swelling very rapidly at this 
time and they may meet and begin to fuse before their enlarge- 
ment is complete, so that complete identity in size of egg and 
sperm nucleus prior to fusion is not invariable in the normal fer- 
tilization. But a valid criterion may be found 'in the following 
phenomena: the germ nuclei are formed by chromosomal vesicle.^* 
one for each chromosome, and in each vesicle a sharply marked 
chromatic nucleolus arises before the separate vesicles fuse. Fu- 
sion begins very early and growth of the nucleoli accompanies 
it; however, an elimination or dissolution of the nucleoli begins 
before fusion is complete, so t9at their numb^ is rapidly reduced 
again, and they entirely disappear before the actual prophases 
of the first cleavage vspindle. Fusion of the two germ nuclei 
with one another may also begin before the fusion of the chromo- 
somal vesicles in each is complete. Under normal conditions the 
number of the chromatic nucleoli is probably the same in each 
germ nucleus in the early stages, I therefore looked for cases of 
striking disparity in number between the chromatic nucleoli of 
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the egg anu sperm nuclei. Some such cases were found, but thev 
were much fewer in number than expected on the basis of the 
number of partial sperm nuclei found in earlier stages. I 
therefore led to suspect that the smallest sperm nuclei might dis- 
integrate prior to this time. However, T have failed to find 
direct evidence for this. It may be, therefore, that the failure 
tp find the expected number of partial sperm nuclei in the stage in 
question is due to the fact that the critical period for such deter- 
mination is of very brief duration. 

Fig. 42 illustrates a case of disparity between the two genu 
nuclei. Five sections are involved, and the male and female 
nuclei are indicated by the appropriate signs. The male com- 
ponent, distinguished by its accompanying aster, exhibits five 
nucleoli and the female thirteen. The volume of the feruiile 
component is also much greater than that of the male compo- 
nent. I believe, therefore, that we have here an undeniable case 
of fusion of a partial sperm nucleus with an entire egg nucleus. 

In the stage of the first cleavage spindle of eggs centrifuged 
just before penetration of the spermatozoon we have three classes 
of eggs, aside from a very few polyspermic eggs: (1) Some with a 
more or less normal cleavage spindle; (2) some with a monaster 
centered in a group of chromosomes; (3) some without any trace 
of astral radiations although chromosomes are formed. In a 
particular lot of eggs (7.4 of 1911) of which 10 per cent segmented, 
at the stage of the first cleavage the first class is rare, the second 
class is quite common,' and the third is the most frequent condi- 
tion. The first class evidently corresponds to the 10 per cent of 
eggs that segmented. 

The two latter classes are illustrated in figs. 43 and 44. Fig. 
43 is a camera drawing of the three sections of the nucleus of a 
single egg belonging to the third class. The eggs of the first class 
of the same lot were in various stages of the anaphase and telo- 
phase of the first cleavage. There appear to be fourteen chro- 
mosomes, the number usually found in the maturation spindles: 
the position near the animal pole proves it to be the egg nucleu^. 
The absence of the sperm nucleus is readily demonstrated. There 
is an entire absence of all radiations in the cytoplasm. Both 
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polar bodies are present. This condition, as I have already -aid 
ij the commonest condition in such a lot of eggs, and both ,,oh ' 
bodies are invariably present. 

Attention may be directed to the fact that each chromosome 
is embedded in a homogeneous ground substance of about the 
same tint, in the iron hacmatoxylin staiji employed, as the e\ lo- 
plasm. .Evidently, each chromosome with its surrounding ma- 
trix corresponds to a single chromosomal vesicle of the early egg 
luioleus; the numbers are the same. The chi'omo.somc of the 
succeeding cell generation arises within the substance of tlie chro- 
nio.-oine of the preceding generation in this case. 

The second-class of cases, mongsters, is illustrated in fig. 44 
I was at first inclined to think that these might be due to fertili- 
zation with partial sperm nuclei, especially as the degree of ihwel- 
(ipment of the monaster shows a wide range of variation, but 
careful study of the eggs concerned showed that the first polar 
body had invariably failed to form, and the second was always 
present alone. About twenty-five cases of this kind have bwn 
examined without a single exception occurring. 

In the second study of this series (Lillie, ’ll) I have described 
the cause of failure of the first polar body. This eondifion 
occurs in eggs centrifuged just before the formation of the 
first polar body. The first maturation division may (hen take 
place within the egg forming two nuclei, and the second matura- 
tion spindle which involves both nuclei is a tetraster (Lillie, ’ll, 
fig. 6). The second-polar body is formed from one pole of the 
tetraster and three nuclei are left in the egg, which .soon unite. 

nder these circumstances, if the sperm nucleus be absent, a 
more or less feeble monaster ^nay develop at the time of the 
first cleavage; though in a few cases where onfy the second polar 
body was formed, no signs of radiations were found. 

There is thus a more or less striking difference in the behavior 
u the egg nucleus in those eases where both polar bodies are 
ornied and those in which the first polar body is suppre.s.sed. It 
a very interesting problem whether the formation of the mon- 
er in the latter case is a purely quantitative relation, due to 
le arger number of chromosomes present in such ca.ses'f There 
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h considerable variation in such cases in the size of the second 
polar body and the quantity of the chromatin which it contains 
and corresponding differences in the number of chromosome^ 
left in the egg. But the degree of development o( the monaster is 
not a function of the number of chroi^osomes in the egg; and there 
are cases in which no aster formation is associated with a larger 
number of chromosomes in such eggs, and a well developed mon- 
aster with a smaller number. It is possible that there may be a 
ilualitative relation depending on what chromosomes are extruded 
in, the second polar body; but in view of the complicating consider- 
ations resulting from possible injurious effects of centrifuging 
itself, no definite conclusion on this point seems possible. 

It is, in any event, certain that the sperm nucleus is absent in 
both the second and third classes of eggs. 

As regards the effect of the partial sperm nuclei on the cleavagr 
process we are therefore reduced to the class of cases in which a 
cleavage spindle is actually formed. In observing the living eggs 
I was struck with the fact that the cleavage of many centrifuged 
eggs tends to be irregular or partial, especially of those centri- 
fuged at the time when injuries to the spermatozoon were tube 
expected. And in the sections I find many cases of partial cleav- 
age. The cleavage of many also stops in the two-cell stage. It 
is natural to suppose that such partial cleavages are the result 
of fertilization with partial sperm nuclei, seeing that we know 
from the data recorded above that there is not even the least 
indication o£ cytoplasmic cleavage in the entire absence of the 
sperm nucleus. A rigorous demonstration of such a conclusion 
would, however, require a cytological analysis in which the num- 
ber of chromosomes in the different cleavage spindles of normal 
and partially segrtienting eggs should be compared; the relative 
sizes of the karyokinetic figure, and possibly other data, should 
also be taken into account. Unfortunately, the material pre- 
served for this study is in too advanced a stage to make an exhaus- 
tive study of these relations, and this part of the investigation 
must therefore be postponed. 

It must be admitted that other causes than fertilization with 
partial spermatozoa might be responsible for the partial cleavage. 
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0 g.. injury of certain kinds caused by the centrifuging, possibly 

nhnormal maturation, or a general systemic disturbance of the 
cvtoplasm. But this does not seem very probable, since eggs 
centrifuged at. times when injury to the spermatozoon is not to 
be anticipated do not exhibit the partial cleavage, at least to the 
same extent. I would therefore regard it as probable, though 
not proved; that partial sperm' nuclei tend to produce more or 
less defective cleavage. 

GENERAL DISCUSSION 
L The centrosome theory of feriilization 

Tlie centrosome theory of fertilization is still accepted by most 
morphologists in spite of the doubts that have been thrown on 
the theory of the permanence and genetic continuity of the cen- 
trosome by the production of asters in unfertilized eggs (Morgan, 
Wilson, etc.), and by the studies in artificial parthenogenesis. 
The theory that the spermatozoon introduces an extra-nuclcar 
centrosome destined to become the organ of cell division of the 
obsjierm is confronted for the first time, in the results of the fore- 
going study, with a crucial experimental test. And the result 
that even small parts of the sperm head produce a typical centro- 
some and aster in the egg cytoplasm conclusively demonstrates 
the inadequacy of this conception of fertilization. So long as similar 
experiments on other forms are lacking, there is no reason to 
believe that the production of the sperm centrosome depends 
upon any different principle in Nereis than in other forms. 

Aleves (^lla) demonstrates that the sperm aster does not arise 
in connection with the so-called middle piece of the spermato- 
zoon in the case of the sea-urchin, but at the base of the sperm 
nucleus itself, the middle piece being already separated from the 
nucleus and lying to one side at the time that the sperm as- 
ter arises. These results, while inconclusive in themse ves, are 
nevertheless distinctly unfavorable to the existence of an extra- 
nuclear centrosome as the cause of formation of a sperm aster in 
this classical case. Further, one can say without fear of success- 
ful contradiction that in no animal has it been shown that the 
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sperm aster arises around an extranuclear centrosome of spermatic 
origin. Th^re is, therefore, no; reason for assuming that the 
experiments on Nereis have revealed an exceptional condition. 

Either, then, the centrosome theory of fertilization must be 
rejected in toto, or the sperm nuclei* must be regarded as a cen- 
tronucleus in Boveri’s sense (Boveri ’00), i. e., as including the 
centrosome. If we examine the latter point of view we see that 
it would be necessary to assume that centrosomes exist in the 
sperm nucleus at every level, for the sperm aster can form at any 
level as demonstrated by the experiments. The diagram (text fig. 



Text fig. 4 


4) will make this clear. It represents the sperm nucleus m the 
form that it possesses as penetration is nearly completed 
(cf . fig. 8) ; normally the sperm aster arises at point a, but if ah be 
removed then at point b, if ac be removed at c, if ad he removed 
at d, etc. But the assumption that centrosomes exist through- 
out the nucleus and condition this phenomena would seem to be 
merely an exaggerated morphological point of view with refer- 
ence to a problem that is, after all, fundamentally physiological, 
viz. : by virtue of what properties does the sperm nucleus exemii^e 
this effect? If the great mass of experimental cytblogical data 
favored the view of the permanence of the centrosome, the eon 
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ception of the centronucleus might legitimately bi? extended to 
cover the present case, but this cannot be said to be true and in 
the present state of our knowledge such an explanation would 
appear forced and merely formal. 

The formation of the sperm aster takes place on the boundary 
between nucleus and cytop&sm, and as we have seen (fig. 41 ) 
there are very definite quantitative relations between the bulk 
of the partial sperm nuclei and the degree of development of the 
aster and the size of the centrosome. This relation leads to the 
conclusion that if intranuclear centrosomes are the causes of the 
formation of the sperm aster, not only must they exist at every 
level, but also that they must decrease in size from the base to 
the apex of the sperm nucleus ! The formation of the sperm aster 
on the boundary between nucleus and cytoplasm and the quanti- 
tative relations existing between size of the nucleus and of the 
aster demonstrate, it seems to me, that the centrosome and aster 
owe their existence to an interaction between nucleus and cyto- 
plasm, and not to any third element. All the observed relations 
in the ease of Nereis harmonize with this point of view. 

The production of astrospheres remote from the nucleus in the 
experiments of Morgan (’96 and ’99) and others show, it is true, 
that the nucleus is not necessary for the production of such jihe- 
nomena. These asters arc apparently very temporary formations, 
and evidence that their central bodies may divide like the centro- 
some of the sperm aster, or other centrosomes as.sociated with 
nuclei, is lacking. Nevertheless, it seems probable that funda- 
mentally similar physiological causes are at the foundation of ' 
both sets of phenomena, and we can only assert our profound 
Ignorance of what these causes really are. 

2, The 'polarity of the sperm-nucleus 

We may use the term polarity to describe the fact that the 
sperm aster arises invariably at the most basal point of the sperm 
nucleus, whether it be entire or partial. This phenomenon cor- 
responds accurately to the general features of polarity of ova or 
ower organisms, as, for instance, the fofmation of oral organs 
^ of a cut piece, etc. 
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It might, perhaps, seem possible at first thought that the aster 
appears in this position with reference to the partial sperm nuclei 
because we have here a broken surface ; this is at least a condition 
in which this particular point of the surface of the partial nuclei 
differs from the remainder of its surface. But in the entire sperm 
nucleus, where there is no broken surface, the position is always 
the same. Moreover, some ten or fifteen minutes elapses after 
entrance of the sperm head before the aster becomes visible, and 
in this time the nucleus has changed form so as to produce a 
pointed extremity (figs. 33 a, 36, 37, 40, etc.) in the position 
where the aster is to appear whether the nucleus be entire or 
partial. This is perhaps sufficient evidence of repair of the 
wounded surface. 

We have to seek some more profound cause for this localization, 
and I believe that it must be regarded as a special case of organic 
polarity to be explained like other cases on the basis either of 
gradation or orientation of materials. From this point of view 
the nucleus would possess an immanent structure determining 
the location of aster formation and therefore the plane of division 
of the nucleus. 


3. Theory of fertilizaiion 

I have pointed out repeatedly in these studies that fertiliza- 
tion involves two phases, viz. : an external phase prior to entrance 
of the spermatozoon, in which certain cortical changes are pro- 
duced in the egg, and an internal phase, following penetration, 
involving a complex series of phenomena. As I pointed out in 
the introduction, this paper is a contribution to the analysis of 
the second phase. On the basis of experiments on artificial par- 
thenogenesis and hybrid fertilization, Loeb has made a sinfilai 
distinction of two phases, and so far the results of what we may 
call the biological and the physico-chemical analyses of fertili- 
zation are in accord. 

If we reject the centrosome theory of fertilization, as I belie\e 
we are compelled to do, what point of view from the. side of the 
biological analysis shall we put in its place? The theory of the 
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internal phase of fertilization must proceed from the funda- 
mental fact of the difference in behavior of the sperm nucleus 
and the egg nucleus in the cytoplasm of the egg. Tiie former 
induces aster formation and karyokinesis; the latter does not. 
I^et us recall the facts in the case of Nereis briefly again: (1) 
Kven minute fragments of the sperm nucleus cause the formation 
of an aster withacentrosome capable of division. (2) If the s]na-ni 
nucleus be prevented from entering, the egg nucleus may indeed 
form chromosomes but no aster arises, provided that both i)olar 
bodies are formed. ^ (3) We may add from experiments on other 

forms that in the absence of the egg nucleus the spei'in nucleus 
behaves the same as in its presence. 

Clearly, then, there is some difference, associated with their 
sex-origin, between these two nuclei; and the most direct form 
of interpretation of this difference is that which identifies it with 
the fundamental sex characters which inhere in every cell. In 
other words, the sperm nucleus has the character maleness, what- 
ever that may be, and neither the egg nucleus nor cytoplasm ])oh- 
sesses this character. It makes no difference that half the sper- 
matozoa may carry the /actor for femaleneks and half for maleness. 
The distinction between character and factor is clear. It may be, 
on the other hand, that ova and spermatozoa acquire in the cm^rse 
of gametogenesis special differentiating properties that are the 
cause of the fertilizing power of the spermatozoon. 

However we may conceive the demonstrated difference between 
the sperm nucleus and the egg nucleus, it is obvious that there is a 
lack of interchangebetweenthe egg nucleus and the egg cytopla.‘^m 
that conditions the inhibition of the unfertilized egg. In some 
way, then, the maturation divisions of the egg must have removed 
certain reacting constituents of the germinal vesicle, or have 
brought about certain cytoplasmic changes in the egg, because 
we have perfect karyokinetic phenomena in the maturation divi- 
sions and a sudden cessation thereafter. 


* The monaster that arises after suppression of the first polar body with preven- 
tion of entrance of the sperm nucleus forms a special problem which we need not 
consider here. 
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But it is clear at least that the maturation oi me egg aoes not 
differ from the maturation of the spermatozoon in this respect. 
In both cases capacity for further cell-division is lost after the ‘ 
second maturation division, and it is quite natural, certainly, to 
postulate similar causes for this phenomenon in both sexes. If, 
as the results of the present study indicate, karyokinesis i.s the 
result of a certain qualitative nucleo-plasniic relation (to bedi^ 
tinguished from R. Hertwig’s quantitative nucleo-plasmic rela- 
tion) we have to postulate in both cases ft disturbance of this 
relation. And as this relation must be conceived as a chemical 
interaction of . some kind, precipitated possibly by rhythmical 
changes of permeability of the nuclear membrane, the alteratioii 
in question must involve either the establishment of an imperme- 
able condition of the nuclear membrane or a chemical change in 
nucleus or cytoplasm. But we have seen in Nereis, that, even 
when the membrane of the nucleus of the mature egg breaks down, 
no karyokinetic phenomena follow, unless the egg is fertilized. 
So the phenomenon of cessation of division can hardly be con- 
ceived as conditioned by the membrane alone. 

The egg-cell and the Spermatid are not the only cells that lose 
the capacity for division in the course of developmetit. In the 
comse of senescence all cells lose this capacity, and studies in 
cell-lineage have shown that certain cells entirely lose the capacity 
for division in very early stages. I need cite only the case of the 
so-called turret cells in Crepidula (Conklin ^97), which are formed 
in the sixteen cell stage, and which, divide only twice during the 
cleavage period. Mead has called attention to similar cases in 
his studies of cell-lineage in Annelids (Mead ’98). Cessation of 
division cannot be a problem of centrosome or,no centrosoine in 
such cases; nor yet in the case of the spermatid. A much more 
profound physiological cause must be involved. 

Constructive metabolism has come essentially to a standstill 
in the mature gamete^; the rate of metabolism in the mature un- 
fertilized egg as tested by oxygen consumption is many times less 
than that of the fertilized egg (Warburg, ’05). Child (’ll) cites, 
as conditions that lower the rate of metabolism, decrease in per- 
meability, increase in density, accumulation of relatively inactne 
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substances, etc., but we know that constructive metabolism is 
also imppssible in the absence of a nucleus, and we may conclude 
from many facts, as Conklin (’12) expresses it, that ‘‘rapid and 
intimate interchange between the chromatin and the protoplasm 
is the condition of rapid metabolism and exhypothese of rejuven- 
escence; slow interchange is the condition of slow metabolism, and 
of senescence.” It is on account of the slowness of such inter- 
change between nucleus and cytoplasm, as I believe, that the 
unfertilized egg is inhibited from development. The internal 
function of the spermatozoon in development is to restore the 
condition of active and intimate interchange between niiclens 
and cytoplasm. Aster formation and karyokinesis are evidences 
of such restoration. The sperm nucleus and egg cytoplasm are 
immediately capable on union of such interchange, and as the 
fertilization process proceeds the egg nucleus is drawn in. 

We are led, then, to the following point of view with reference 
to the internal phenomena of fertilization, viz. : in both the sperm 
and the egg cell as the result of maturation the capacity for the 
nuoleo-plasmic interaction necessary for construction metabolism 
has been lost. But such interaction takes place between the 
sperm nucleus and egg cytoplasm, and this initiates the internal 
phenomena of fertilization. The egg nucleus also is drawn ijto 
the karyokinetic phenomena* in one of two ways, either that the 
sperm nucleus has so altered the egg-cytoplasin that karyokinetic 
reaction between the egg-nucleus and its own cytoplasm can now 
follow, or that copulation of t^e germ nuclei results.in a change in 
the egg nucleus that restores its capacity for the necessary nucleo- 
plasmic reaction. 

In his experiments on constricting fertilized eggs of the sea- 
urchin between tic germ nuclei, so that the* copulation of the 
latter was prevented, Ziegler (’98) has shown that the egg nucleus 
becomes surrounded by cytoplasmic radiations which rhyth- 
mically appear and disappear synchronously with disappearance 
and reappearance of the nuclear membrane. These observations 
mdicate a change produced by the sperm nucleus throughout the 
cytoplasm, inducing partially but not completely the rhyth- 
mical series of successive karyokinetic divisions. Other obser- 
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vations too numerous to mention demonstrate a very profound 
effect of the sperm nucleus on the egg cytoplasm, perhaps none 
more strikingly than Herlant’s (’ll) recent observations on the 
control of definite cytoplasmic areas (spermatic energids) by sper- 
matozoa in di- and tri-spermic eggs of the frog. 

Ziegler’s observations then indicate that the egg nucleus reacts 
to the egg cytoplasm when altered by the spermatozoon, but 
incompletely. It seems probable, therefore, that copulation of 
the germ nuclei also involves an interaction between them thnt 
completes the fertilization phenomena. It is interesting to note 
that, though the chromosomes form in Nereis from the egg nucleus 
after the spermatozoon has been removed, they are not set free 
in the cytoplasm as they are after copulation with the sperm 
nucleus, but each is embedded in a matrix, and thus presents quite 
a different appearance from the normal. We may perhaps find in 
this fact, indicating lack of reaction between the chromatin and 
the cytoplasm, some evidence that the completion of fertiliza- 
tion involves interaction between the germ nuclei also. 

It remains to inquire briefly how this analysis compares with 
the analysis of fertilization given by experiments in artificial par- 
thenogenesis? In the first place we may note again that there is 
peiifect agreement in the general fundamental distinction of two 
phases in the fertilization process as made first by Loeb, viz.: 
the cortical change which may be induced before penetration, 
and the internal changes, which follow penetration. As regards 
the cortical change, the view of Loeb (’09) that it is essentially 
a cytolytic change appears to me less fundamental than the view 
of R. S. Lillie (’ll),. that it is essentially an increase of permeabil- 
ity. One can readily understand that cytolysis should follow 
very rapidly on an increase of permeability induced by chemical 
means, which may be much greater than that normally induced 
by the spermatozoon, if such increase be not secondarily regulated. 
And in any event, if interchange between the egg and its mediuiii 
be set up by increase of permeability, in a condition of inactivit) 
of the nucleus, such as exists in the unfertilized egg, the resulting 
metabolism must be of a destructive character and so lead t^o a 
relatively rapid death of the egg as compared with eggs m whicn 
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fhc cortical ch^ngos 1 irv 6 not boon inducod, Tho concoption of 
Bataillon ('10), moreover; that the egg excretes certain inliibiting 
substances contained in its cortex, as a result of the cortical 
change, is quite readily included in this point of view; indeed, 
the jelly excreted by the egg of Nereis as a result of the external 
stimulus of the spermatozoon would obviously hinder five inter- 
change between the egg and the medium so long as it exists within 
the egg as a thick cortical layer. 

The second phase in fertilization has* been treated by Loeb 
and R. S. Lillie. Loeb's interpretation is that the second agent 
in artificial parthenogenesis serves to check the tendency to cy tol y- 
^,is set up by the first agent; and he extends this point of view to 
the two phases of normal fertilization. In this opinion he is 
followed by Godlewski (11), who has shown that the cytolysis, 
which follows on fertilization of sea-urchin eggs with sperm of 
Lhaetopterus, can be checked, and parthenogenetic development 
ifidueed, by a brief treatment of such cross fertilized eggs with 
hypertonic sea-water. R. S. Lillie (11) regards ‘Ihe critical 
change in the. egg, to which membrane formation and the initia- 
tion of cleavage are due, as a well marked and rapid in crease in 
the permeability of the plasma-membrane." This tends 'lo 
destroy the normal osmotic equilibrium and allow abnormal dif- 
fusion of substances into and out of cells" leading to derangement 
and eventual destruction of the chemical organization of the 
latter. And he regards it as an unavoidable conclusion that one 
essential effect of the after treatment with hypertonic sea-water 
is to restore the normal permeability. 

There is coRsiderable similarity in these points of view; both 
regard the second agent in parthenogenesis essentially as a regula- 
tory factor. Godlewski's very striking results on the combination 
of cross fertilization and artificial parthenogenesis lead to the 
same kind of conclusion; to quote this author (Gl): 

Wir haben gesehen, dass weder die Kreuzbefruchtung alloiii, noch die 
iim Exposition in hypertonischcr Losung alleiu ausreicht, 

auszulosen. Erst durcli die Kombination der 
ffh , > ^ ausreichende Anstoss zur Entwicklung gegeben. 

Wn R Tatsachen die Restatigung der von J. Loeb aufgestell- 

>potnese, dass der Process der Entwicklungserreguiig sich in zwei 
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Momente zerlegen lasst — im ersten findet die- Cytolyse^ im zweiten die 
Regulierung der im ersten Akt bereits eingetretenen inneren Reaktionen 
im Eiorganismus statt. 

There is nothing in the results of these authors inconsistent 
with the idea that the regulating effect of the second agent in 
artificial parthenogenesis may be attained through the re-estab- 
lishment of normal interchange between the nucleus and the cyto- 
plasm, which is the view to which I have been led by the results 
described in this series of papers. • And this suggestion contains 
the possibility of a complete accord between the results of the 
analysis of fertilization by methods of artificial parthenogenesis, 
and the more direct method of analysis contained in my papers. 

If the egg be put in a healthy metabolic state by the resump- 
tion of normal nucleo-plasmic relations following the penetration 
of the spermatozoon, it can no doubt regulate its own external 
affairs. And so it seems to me that the regulation of cortical 
permeability and cytolysis is probably a secondary effect of the 
re-establishmcnt of normal nucleo-plasmic interchange. - Even 
in artificial parthenogenesis, where the sperm nucleus is lacking, 
the action of the second agent may proceed in the same way, 
by causing the re-establishment of normal interchange between 
the egg nucleus and cytoplasm, restoring thus healthy conditions, 
^ich then regulate the cortical changes. But whether the tend- 
ency to cytolysis be checked thus secondarily, or by some direct 
effect of the second agent on the cytoplasm, development certainly 
cannot proceed without the establishment of normal metabolic 
interchange between the nucleus and the cytoplasm, and this miM 
certainly be regarded as a fundamental function of the second 
agent in artificial parthenogenesis. 

To sum up the conclusions in a sentence we may say: the action 
of the spermatozoon in fertilization involves two distinct phases, 
the first of which may be effected before penetration and brings 
about a sudden, and marked increase in permeability of the egg- 
membrane; the second, which follows after penetration, consists 
essentially in the establishment of normal interchange between 
nucleus and cytoplasm, and consequent normal regulation of al 
the activities of the cell. 
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DlvSCRIPTKlX OF FLATKS 


All ligures were drawn with the camera at stage level with Zeiss Aj)<)ehr(>mat 
1 . 0 luin. oil immersion objective, and Xo. 12 compensating ocular, except where 
utlierwise stated. All figures, except 1. from sections of inseminated eggs of 
Xoreislimbata. All sections from eggs killed in IMeves’ fluid and stained in 
iron liaematoxylin. Plates 1 to 5 illustrate the third study; 6 to 11 the fourth 
study. 



PLATE 1 

EXPLANATION OF FIGURES 

1 Spermatozoa of Nereis from preparations fixed in Gilson’s fluid and stained 
in safranin and Silure-violet. 1 a, the entire spermatozoon; 1 b and 1 c show the 
excentrie attachment of the tail to the middle piece; 1 d, basal view of the spenn. 
head showing ring-shaped middle piece and attachment of tail. h. c., head-cap; 
m.p., middle-piece; p, perforatorium. Tt may be noted here that the form of the 
perforatorium in the living spermatozoon is more like the spike of a helmet. 

2 a, 2 />, 2 c From three eggs fifteen minutes after insemination. The cntruncp 
cone is well developed and stains dark, homogeneous. The perforatorium has 
pierced the membrane, at least in 2 a and 2 c, but is not embedded in the cone. Note 
variations in appearance oif the middle-piece. Tail not seen. 

3 a, 36 From two eggs twenty-seven minutes after insemination. The cone is 
retracted, but stains as before. The perforatorium stains more strongly than in 
fig. 2, but it has not yet entered the substance of the cone. The tails were very 
distinctly seen in these preparations. 

^4 Thirty-fourminutesafterinsemiiiation. The perforatorium has now entered 
the substance of the cone, and granules are beginning to appear in a smaller 
lighter area of the cone surrounding its tip. 

5 a, 5 b From two eggs thirty-seven minutes after insemination. The clear 
space in the cone is now larger and the granules at the tip of the perforatorium 
more numerous; 5 a, from an almost tangential section, so that the vitelline mem- 
brane was obscured. Note the double perforatorium; 5 b, middle piece showsno 
granules; cf. 2 6. 
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PLATE 2 

EXPLANATION OF FIGURES 

5 c and 5 d From two eggs thirty-seven minutes after insemination; cf. 5 « aiul 
5 h. 

6 Forty-eight and one-half minutes after insemination. The entrance corjc 
has begun to sink into the egg, drawing the head of the spermatozoon after it. 

7 Forty-eiglit and one-half minutes after insemination. Later stage of pene- 
tration of the spermatozoon. 

8 Forty-eight and one-half minutes after insemination. Still later .stage of 
penetration, 

9 n and 9 b. Two drawings of the same section; 9 a drawn with Zeiss 2 mm. 
apoehromatic objective and no. 4 compensating ocular; 9 b, the part of 9 u contain- 
ing the spermatozoon, drawn with Zeiss 1.5 mm. apoehromatic objective and no. 
12 compensating ocular. Fifty-fourminute,s afterinsemination. The sperm head 
has com])leted its penetration, and its ba.se is some distance from the periphcrv; 
but the middle-piece remains outside. Anapha.se of the first maturation division. 
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PLATE 3 


EXPLANATION OF FIGURES 

10 a. 10 6, 10 c, 10 ci Four drawings from the same section ; 10 a drawn with Zeiss 
2 mm. apochromatic objective and No. 6 compensating ocular, 10 6, 10 c, 10 
drawn with Zeiss 2 mm. apochromat and no. 12 compensating ocular; 10 b is (he 
sperm mucleus of the same egg; 10 c and 10 d are from the following sections to 
show the entrance point with tail and middle piece on the membrane. Fifty-four 
minutes after insemination. Rotation of the sperm head and cone, and origin of 
the sperm aster from the pole of the nucleus opposite to the cone. Prophase of 

the second maturation division. , , , , , 

11 Sixty-four minutes after insemination. The sperm head has penetrated 
within the layer of yolk, and has separated from the cone, which does not appear 
after this stage. In the next section another sperm centrosome and aster appear; 
the sperm centrosome has divided. 

12 Sixty-seven minutes after insemination. Sperm amphiastcr with equal 
poles; spindle formation beginning between egg and sperm centrosomes. Ana- 
phase of second maturation spindle. Drawn at stage level with Zeiss . mm. 
apochromatic objective and compensating ocular no. G. 
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PLATE 4 

EXPLANATION OF FIGURES 

13 Sixty-seven minutes after insemination. Later stage of sperm ampln:ti.u-r 
with unequal centrosomes and asters. Double spindle formation between 
center and sperm centers. Drawn at stage level wdth Zeiss 2 mm. apoehrom;it 
objective and compensating ocular no, 6. 

14 a and 14 6 Seventy-seven minutes after insemination. Two successive sec- 
tions of the same egg. The second polar body is just formed. The egg a.ster is 
beginning to degenerate. The sperm asters are also less developed than pre- 
viously, especially in the case of the smaller one. Sperm aiiiphiaster in 14 
sperm nucleus in 14 6. Drawn at stage level with Zeiss 2 mm. apochromat objec- 
tive and compensating ocular no. 6. 
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PLATE 5 

EXPLANATION OF FIGURES 

15 Seventy-seven minutes after insemination. The two nuclei to the ripht 
above are parts of the egg nucleus not yet fused together. The sperm nucleus {i> 
the left below. The aster is the larger sperm aster; the smaller one could not L? 
found. Drawn at stage level wdth Zeis.s 2 mm. apochromat objective and compen- 
.sating otnilar no. 6, 

16 a and 16 h Two successive sections of the germ nuclei, seventy -seven minutes 
after in.semi nation. There i.s but a single aster derived from the larger sperm 
aster. Note the black granules in the neighborhood of the germ nuclei and aster, 
Drawn at stage level with Zeiss 2 mm. apochromat objective and compensating 
ocular no. 6. 

17 Origin of the cleavage centers. The partition hetw-een the germ nuclei 
has disappeared. The larger a.ster is derived from the larger sperm aster. Drawn 
at stage level with Zeiss 2 mm, apochromat objective and compensating ocuhu 
no. 6. 
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PLATE 6 


EXPLANATION OF FIGURES 

18 to 2o Show tho effects of removal of the jelly by centrifuging on the spcrninto- 
zooii attached to the egg. It will be noticed that the cone in this and the followir t; 
plates, though just as well defined as the preceding, stains differently. 
beliavior of the cone is the same, liowever. 

18 Entire spermatozoon present, drawn out to band. History; centrifuged 
7200 revolution in thirty-five seconds, fifty minutes after insemination; preserYC(l 
immediately. 

19 The middle-piece and part of the base of the spermatozoon liuvc; boon 
removed by the jelly. The protoplasm surrounding the cone has been raise<l in a 
protuberance, which happens not infrequently (cf. fig. 22). History same as fig. 
18. 

20 to 23 These figures show removal of increasingly large portions of tlie sperm 
head by the jelly. Each drawing from a single section of a separate egg. Hislory 
same as fig. IS. 

21 to 25 To show effects of removal of jelly by centrifuging after penetration lias 
begun. History same as fig. 18. 






PLATE 7 

EXPLANATION OF FIGURES 

26 Removal of external part of the spermatozoon by centrifuging in an advanced 
stage of penetration (cf. fig. 7). History: centrifuged 7200 revolutions in forty 
seconds, fifty minutes after insemination. Preserved fifteen minutes later, 

27 to 31 To show early penetration of injured or partial spermatozoa. History; 
centrifuged 7200 revolutions in forty seconds, fifty minutes after insemination. 
Preserved fifteen minutes later. 

27 Part of the spermatozoon has entered. The remainder is shown external to 
the membrane. The internal part is definitely divided in two. Rotation is begin- 
ning. 

28 The part of the spermatozoon external to the membrane is nearly separated 
from the internal part, which is itself definitely divided in two. All parts a little 
swollen as shown by the tone of the stain. The rotation of the cone is beginning. 

29 The internal part is ajiparently breaking off from the much larger external 
part of the spermatozoon. Cone in process of rotation, 

30 A case in which only a small part of the spermatozoon has entered ; the rest 
of the spermatozoon is lost. It represents alater stage of an injury similar to that 
shown in figs, 20 or 21. 

31 A case similar to fig. 30. 

32 A somewhat later state of rotation of the cone than shown in preceding fig- 
ures. History the same. 

33 a and 336 Two successive sections of the same egg; the parts of the spermato- 
zoon shown in the two sections are entirely separate. The proximal larger part 
(33 a) is proceeding with its rotation and development, leaving the base of the 
sperm head and the middle piece behind. History same as figs. 27-31. 

34 Penetration stage of a sperm remiiarit preserved fifteen minutes after centri- 
fuging. 

40 Two partial sperm nuclei with asters associated with a single cone. Prob- 
ably a later stage of a condition like that shown in figs. 27 or 28. 
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PLATE 8 

EXPLANATION OP FIGURES 

35 to 37 To show origin of asters in connection with partial sperm nuclei. In 
each case a remnant of the spermatozoon on the surface guarantees the partial 
nature of these sperm nuclei; note the variation in size. History: Centrifuged 
7200 revolutions in forty seconds, fifty minutes after insemination; preserved fif- 
-teen minutes later. Fig. 36 is a combination of three sections. 
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PLATE 9 

EXPLANATION OF FIGURES 

38 and 39 Two unusually small sperm nuclei with their asters, separating from 
the cones. From two eggs; compare the size of the entire sperm nucleus at tliis 
stage (fig. 11). History same as figs. 35 to 37. 

41 Two sperm nuclei of unequal size from the same egg. Compare size of cem 
trosomes and asters. History : Centrifuged 7200 revolutions in thirty-six seconds, 
forty-four minutes after insemination; preserved ninety-two minutes after insemi- 
nation. Reconstruction of three sections. 
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PLATE 10 

EXPLANATION OF FIGUHES 

42 Five successive sections showing the entire germ nuclei of one egg. The 
male nucleus has five nucleoli, the female has thirteen. The line of apposition of 
the germ nuclei is seen in the third section. History: Centrifuged 7200 revolu- 
tions in thirty-six seconds, forty-four minutes after insemination. Preserved 
sixty-four minutes later. 





PLATE 11 

EXPLANATION OF FIGURES 

43 Three successive sections showing the entire egg nucleus of an egg from 
which the spermatozoon was entirely removed by centrifuging, Both polar bodies 
formed. Fourteen chromosomes indicated. History: Centrifuged 7200 revolu- 
tions in thirty-seven seconds, forty-two minutes after insemination. Preserved 
sixty-five minutes later. 

44 Three successive sections showing the entire egg nucleus of an egg from 
which the spermatozoon was entirely removed by centrifuging. The 6rst polar 
body was not formed in this case, and a monaster arises around the egg-chromo- 
some group. History same as fig. 43. 
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THE ELIMINATION OF THE SEX CHIULMO'^OMFS 
FROM THE MALE-PROI)r('l\(; Fccs 
OF PHYLLOXERAXS 


T. H. MORGAX 

From the Zoological Laboratonj^ <'«lumbia VninrsH,} 


TWENTV-MXK FI(.r[{F.«l 

My studies of the life cycle of the i)hyH(»x(‘nwis uf \hv hickories 
have shown first (^08) why the fertilized \m)dwo only 
females/ and second (’09) that the production of tlu* inaies is 
caused by the elimination of a chromosonu' from tlu' mah-pro- 
ducing egg.2 One essential point in the life cycle still remained 
unexplained; namely, the cause of the producti{)n of small male- 
and large female-producing eggs. The dilTerentiation of th(*s(‘ 
two kinds of eggs precedes, in the life cycl(‘, the formation of 
the true males and sexual females. It may appear therefore 
that the qxtestio7i of the sex delerminatiofi antedates those changes 
that lead to the eliniination of a chromosome frotn the male-prodne- 
^9(1) if SO) the real question of sex determination might 
seem to lie deeper than the rnanoeuvres of the sex chromosomes. 
Intil this point is cleared up the value of the cliromosome 
hypothesis in sex determination may seem to hang in the balance. 

I am now able to bring forward eertain evi. mie which I believe 
throws l^ght on this important topic and 1 am pr(*par(Ml to offer 
an hypothesis based on the new evidence^ which, if tnus substan- 
tiates the view that one of the essential changes in the formation 
of the large and the small eggs is connected with ehanges iii the 
sex chromosomes. 


^ Rroc. Soc. Exp. Biology and Medicine, vol, 5, l!)0.S,and Science, vol.29, 1909. 
‘ Proc. Soc. Exp. Biology and Medicine, vol. 7, 1910. 
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the main points that were described in my previous papery 
may be summarized as follows: 

1. Two classes of sperm are produced in the male differing; 
the presence and absence of a pair of chromosomes. One class of 
sperm degenerates.' It corresponds to the male-producing class 
of otherinsects. The other class produces functional spennatoza 
which entering the egg give rise to females only. These sperm 
correspond to the female-producing class of other insects, 

‘2. the male-producing egg contains one less chromosome after 
the extrusion of its single polar body than it contained -before 
this event. In a preliminary note (TO) I have stated how this 
elimination takes place and in the present paper I bring forward 
the evidence on which this statement was based. 

3, The difference in size between the male-producing and 

the female-producing egg, before the former has extruded its 
polar body, proves that the predetermination of the males ante- 
dates the extrusion of the chromosome in the polar body of the 
(smaller) male-producing egg. * 

4. More male-producing individuals are the descendants of 
each stem-mother thap female-producing individuals. The stem- 
mother must give rise to two kinds of eggs, i.^e., they must be 
different either before or after the polar body is extruded. The 
factor that differentiates these two kinds of eggs, was not dis- 
covered. It is this point that the evidence now brought forward 
may I hope help to elucidate. 

TIIK DIFFERENCES IN THE CHROMOSOME GROUPS IN THE POLAR 
» SPINDLES OF THE STEM-MOTHER’S EGG AND OF THE 
MALE AND FEMALE-PRODUCING l^GGS 

In my former paper (’09) I have figured ten equatorial plate& 
of polar spindles of the eggs produced by the stem-mother. In 
all of these the sex chromosomes are of nearly the same size. In 
two othe^ plates one chromosome is much smaller than the others, 
which is probably due to this chromosome having been cut by 
the knife. Failure to fincj the tiissing piece in the next section 
would not be significant, since it might be very difficult to find 
such a piece in the. egg filled with yolk granules of about the same 
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s,ze as the chromosomes. Side vieiv.s of the polar ..pindle of 
>vhich four are given, each with three chroiifo.some.s .how tlice 
to be of equal size. One of two cases of an egg uudeus (in;t 
prior to the formation of the spindle) also shows six equal chro 
niosomes; the other case shows four equal' chromosomes and 
one of double size that no doubt repfesents two chromosome'^* 
o\'er]apping or else stuck together. 


When these chromosome plates are compared with those 
of the female-producing egg sl»wn in fig. LX, page 2.55 of ni\- 
paper .(’09), the size relations seem to be about the^’sanu' duly 
four plates of these eggs were found. I suspect that, one of th'e 
e(|uatorial plates thdt is assigned' to a male-producing egg;. 
namely,‘fig. LX; K, really belongs to a female-iirodncing (>gg! 
Occasionally it is difficult, owing to the obliquene.ssof the sect ions, 
to make sure that a particular egg is a large or a small one'. 
If this egg is excluded, or referred to the female-produemg series^ 
tliere remain fourteen equatorial plates of male-prodneing eggs! 
In all of them one chromosome is noticeably sinalh'r than the 
rest. I can now add four more chromosome groups of male-pro- 
ducing eggs to this list, figs. 1, 2, 3, 4. Three of these are e(|ua- 
torial plates or just prior to that phase, and the fourth sliows 
the chromosomes in the nucleus just prior to the spindh' stage. 
They all contain five larger chromosomes, and one much s.nialler 
than the other five. 


It is true that there is some variation in the Relative* siz(‘ of 
the chromosomes in all of these figures, which make.s it difficult 


to express exactly the relative sizes of the different chromosomes^ 
and therefore I am aware of the danger of attempting to distin- 
guish between the plates of the male- and female-producing eggs; 
yet the^resence of the very small chromosome is so distinctive 
of the smaller eggs that I believe no error is committed in attribut- 


ing to this difierenc« at least a real significance. 

If the two kinds of chromosomal groups just specified are 
^'Significant one should expect to find a similar difference in the 
somatic cells of the individuals 4hat give rise to thc^se eggs, for 
since each of these individuals produces only one kind of egg 
(all the eggs found in one individual are male-producing or female- 
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producing) this difference should be apparent on inspectior 
of the somatic cells of these individuals. In my paper I havp 
in fact, given nine plates taken from young stages of the deveh 
opment of the embryo. Some of these figures, notably fig. VLll 
C, Ef /, show six nearly equal chromosomes, while five of them 
•notably fig. VIII A, B, D^F, G show five larger and one smaller 
chromosomes. When these dra^\nngs were made the importance 
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A’ the size relations was not appreciated, and the number of 
?ases is too small to be of great value, but it is significant, I think, 
jhat the two kinds of chromosome groups required by the hypoth- 
esis are actually represented in these figures. 

It appears, then, probable that after the extrusion of the polar 
Dody of the egg of the stem-mother a change has taken place in 
:hose individuals that become the male-egg-producers. One 
chromosome has become smaller. 
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the division of the polar spindle in tmf mvif vvn 
IN THE FEMALE-PRODUCIXG KGG^S ‘ 


A brief abstract of the results ^iveu in this section was pub 
lished in the Proceedings of the Society of Kxperiinontal Iholoiry 
and Aledicme^ for Alay, 1910. In order to study tlie dixmon 
of the polar spindle a large amount of mnv inatoi’ial was collected 
in the summer of 1909 which was cut and studied during the 
following winter. It has been most laborious to find eggs in 
which the polar spindle was in tiie process of diyision, and I 
wish to express my obligations to my assistant, Miss K. M. 'Wal- 
lace, who has found most of the new ras('s here liguivd. 

In my former paper (’09) I described the a,n:p)hase of two 
eggs that seemed to be female eggs (see below), but uoik' of the 
male eggs; and it is the latter that would lie expected to giyi^ the 
critical evidence. This evidence was briefly stated in my ])rclim- 
inarynote in 1910: T shall nowgive drawings of sey{‘ral ana]}has(‘s 
of male eggs that show beyond doubt that a lagging ehromosonu' 
is present; that it passes to the outer jiole, and forms a scpaniti^ 
vesicle in the polar body. 

The first case is shown in fig. o repres(mting an ana]ihas(‘ of 
the polar spindle. Five chromosomes lie at tlu' outer pole and 
five at the inner pole. In the middle of tln^ siiimlh^ lies a douliie 
chromosome. . It is relatively large and its two haly<‘s apjaair 
somewhat unequal. For reasons that appear latcu* I shall spiaik 
of this as a single chromosome that has already diviih'd into 
halves. 

The second case is shown in fig. G. Here also fiveehromosomes, 
t;omewhat elongated, lie at the outer pole and five at the inner 
pole of the spindle. In the middle of the sjiiTidle there is a 
double chromosome, its halves equal as far as can be determined. 

The third case is shown in fig. 7. It represents a later stage; 
the polar body being in process of constricting from the ('gg. 
The group of chromosomes at the outer pole is now in proc(\ss 
of division. Five chromosomes can be recognized, two dividing, 
and three having completed their division. At the inner pole 


* Proc. Soc. Exp. Biology and Medicine, vol.7, 1010. 
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the nucleus has begun to form. It contains five .lisiinot ehro 
niosomes Mway between the poles is the lagging ohro.nosome 
completely divided into equal or nearly equal parts. V few 
traces of the spindle fibers are discernible. This is the dearest 
ease that I have found and shows very distinctly the conditions 
at this stage. 

The next case, fig. 8, is not so instructive, since the chromo- 
somes in the inner nucleus have in one place seemingly stuck 
together so that only four bodies are seen. The lagging chro- 
mosome could not be 'found but the five outer chromosomes are 
distinct. 

Fig. 9 shows the polar body nearly constricted off. The iWo 
inner chromosomes aret;learly seen. The lagging chroivosoines 
were not found and may have been fused with the him]) of chro- 
matin in the polar body that represents the massed chro!uosom(‘s. 

In fig. 10 Cand in figs. 9, 11, 12 and 13) the egg nucleus is 
represented nearer the surface than in the actual section. The 
nucleus of the polar body contains a fused mass of chroiiiatin. 
What appears to be the lagging chromosome lies on its outiT 
wall, and is partially constricted into halves. The inner nucleus 
^hows five equal or nearly equal chromosomes. As this is the 
only case observed where the lagging chromosome lies on the 
outer wall of the nucleus of the polar body, and as it is cliffioult 
to see how the chromosome could have reached this position; {uid 
moreover since the double body is smaller than the lagging chro- 
mosome in the other cases; it may be that this deeply staining 
body is not the lagging chromosome at all but a pair of displaced 
yolk granules. This interpretation is supported by the next case. 

In this instance fig. 11 the inner nucleus is w|ll formed and 
its chromosomes diffused or at iS^st not stained. In the polar 
body there is a nucleus in which four chromosomes can be made 
out with the double lagging chromosome lying on the inner side 
of the nucleus. A yolk granule lies on the outer wall of th(* 
nucleus. 

A similar stage is shown in the next figure, fig. 12. The inner 
^ egg nucleus shows its contained chromosomes in process of 
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becoming diffuse. The polar body is cut off from the egg; 
nucleus contains five chromosomes, and l 5 dng near the nuolr^us 
is the large lagging chromosome divided into two parts. 

In the next figure, fig. 13, the chromosomes, both in the polar 
body and in the egg nucleus, have fused. The preservation may 
have been poor. The lagging chromosome lies in a vesicle of 
its own to one side of the polar body nucleus. 

The polar body of another egg, fig. 14, shows five chromo- 
somes in its nucleus, three of which at least are elongated as 
though dividing. The lagging chromosome lies outside. Its two 
halves are separated and each half is slightly dumb-bell shaped. 

Three other polar bodies are shown in figs. 15, 16, and 17. 
Each shows the lagging chromosome out^de of the nucleus; and 
in two cases surrounded by a partial vacuole of its own. 

In addition to these new cases I have studied and redrawn 
some of the figures given in my former paper, restainihg when neces- 
sary to better bring out the chromosomes. One of these, fig. 18, 
shows the equatorial plate of a male egg with one large chro- 
mosome (partly constricted), four intermediate, and one small 
chromosome. Two cases, figs. 19, 20, show polar bodies and 
their contained nucleus and the lagging chromosome outside. 
The third figure, fig. 21, shows the anaphase of an egg that I 
now interpret as a male egg. The interpretation of this anaphase 
figure is difficult because of the presence of a stained body near 
the center of the spindle. After staining and restaining several 
times it seems to me probable that this body is in reality a chro- 
mosome and not a yolk sphere as I formerly thought probable. 
Another sphere lies beyond the outer chromosome group arid^ 
near it another body (in outline in the figure). Both of these 
seem to be in yolk spheres. Af the inner polo five distinct chro- 
mosomes are present. If the stained body in the center of the 
spindle be interpreted as a chromosome the spindle bears a close 
resemblance to the spindle of the male-producing egg, but the 
egg is large, and mainly for this reason I was formerly inclined 
to think it a female egg. The case is doubtful and can not be 
interpreted with certainty. 
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I have tried to find again all the polar bodv stage, figured in 
my former paper in order to reexamine them, but itluis n(H been 
possible to discover several of them owing to tlie fading the 
stain. I wished especially to reexamine figs. X; A'. 1\ Q, whieh 
show the lagging chromosomes passing into tlie ]mlar bodie. 
but have not succeeded in finding them agai]i. All three rej)- 
resent the same spindle under different conditions. Whih^ tluKo 
figures were drawn with as much care as ])ossib](‘ I now realize 
that some of them might recem^ a clearer interpretation iii tlie 
light of the information that I have gained from a muv stnil\' 
of the polar spindle. One point is especially clear that in mosi 
cases the circle enclosing the chromosomes of tho pohu' l)odi(‘s 
of the male-producing egg was drawn so as to include tlie lagging 
chromosome, while in reality the ordinary cln'omns<imes lie in 
one vesicle and the accessory in anotlier clear area at the side 
of the latter. Thus in figs. X; C, G, L L, A/, S, 7’, l\ the 
sixth chromosome generally shown as bifid rcpresimts tlu' lagging 
chronlosome. 

In the new preparations I have found onl}' oiu' aiiaphas(‘ of 
a female-producing egg, fig. 22. Fortunately tliis is a veiy clear 
case. Six chromosomes lie at each pole, and tliere is no lagging 
chromosome present. Three of i\te outer chromosomes are 
dumb-bell shaped. The only other cases of this kind of tggaiv 
the doubtful case, here refigured, fig. 21, and the outer pole sliown 
in my former paper in fig. X; K. 

Summary 

The evidence shows that four of the five chromosomes of 
the male-producing egg divide fqually when the polar body is 
formed. One chromosome lies in the middle of the spindle and 
becomes divided into equal parts. It finally passes out into 
the polar body, just before the latter cuts off, and fails in con- 
sequence to become incorporated in the nucleus of the polar body. 
In all these respects its behavior is closely similar to that of the 
lagging chromosome described by McClung for this chromosome 
in the spermatocytes of orthoptera. 
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The six chromosomes of the female-producing egg appear to 
divide equally, so that the outer and the inner pole of the spin- 
dle get six chrcynosomes each. 

One point of especial importance I have not been able to settle 
satisfactorily, namely, the fate of the smallest chromosonie. The- 
oretically I should expect it to be the lagging chromosome. But 
the figures show the lagging as large as the rest. On the other 
hand it is equally clear that none of the others can be identified 
as the smallest— they appear to be of equal size. The evidence 
is therefore inconclusive either way. If the smallest is the lagging 
it must increase in size before it divides*so that its size relations 
are changed. 

THE POLAR SPINDLES IN THE SEXUAL EGG 

Two questions of theoretical interest are involved in the antic- 
ipated reduction in the number of chromosomes in the sexual 
egg of the phylloxerans, namely, the number of the reduced 
chromosomes and their size relations. Whether the retuced 
number wopld* be four or three could not be prophesied from 
the behavior of the chromosomes in the parthenogenetic series, 
for if, as I think, there are two small x-chromosomes attached 
to the two large X’s, the forfner might separate at the 'reduction 
period’ to form a smaller pair, giving four chromosomes or else 
remaining attached to the larger X there would appear only 
three chromosomes.^ Six cases have been found showing clearly 
that the number of chromosomes in the sexual *egg is three. I 
have foun4 two eggs that show equatorial plates, figs. 23, 26; 
two eggs that show the chromosomes in the nucleus just before 
its resolution, figs. 27,' 28; and ^wo eggs that show side vie^\s 
figs. 24, 25. There can be no question that the reduced number 
is three. The size relations are more difficult to determine. 
In general it may be said that they are all of nearly the same 
size, although one of them generally appears larger than the other 
two. There is no such disparity in size between the largest 
and the smallest as that observed in the male-producing egg, 
which is a strong argument against -my earlier suggestion that 
the smallest chromosome in the equatorial plate of the male- 









producing ep is formed by the union of the two s,n,|| r'. ,1..,, 
leave their larger partners at this time and fuse in order ii;'., 
'reduction' may occur. For, should this happen u, the nnul 
producing egg in order to insure the separation of the two simdl 
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^’s one might anticipate 9, similar change in the sexual egg. We 
Mst conclude, therefore, that one of the pairs in the sexual 
egg represents the fusion of the two large X’s and their attached 
small .x’s. One large X and one small x would therefore he left 
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in the egg. The female-producing sperm brings in during ferti- 
lization a large X and a small % which brings the number back 
to the six chromosomes (in reality eight since two are double 
X and x) of the stem-mother's soma. 

THEORETICAi: I^vTERPRETATIOX OF THE RESULTS 

From the results given in preceding sections I draw the follow- 
ing conclusions. The cells of the stem-mother (that comes from 
the fertilized egg) contain six equal or, nearly equal chromosomes 
Two of these, that I call X, have attached to them twm smaller 
chromosomes that I call small x. The stein-mother' s cells havr 
therefore in reality eight chromosomes. The eggs produced 
by the stem-mother also contain these six (or eight) chromosomes 
that appear in the equatorial plate of the polar body. One polar 
body is extruded. The division of the chromosomes has iioi 
been observed. I assume that at this time all of the chromosomes 
divide equally, except in the case of those eggs that will ^come 
male-egg producers. In these eggs one of the small ar’s passes 
undivided into the polar body. Presumably it passes out at- 
tached to the outgoing half of the larger X, with which it has been 
fused. Unless it separated from the large X it might not 
appear as a lagging chromosome at the time; if it became detached 
it might appear as a lagging chromosome; or both the large out- 
going half of the large X with its attached small x might lag behind 
the rest. FurtheiHwork will be necessary to settle this point. 
This kind of egg, after the polar body is extruded, will contain 
six chromosomes, one having been reduced in size by the loss of 
the small x. This group appears in the equatorial plate of the 
.polar spindle of the small ^male/ egg.- The difference in the size 
relations of the chromosomes observed in the* polar spindle of 
this egg, as compared with the size relations of the chromosomes 
in the stem-mother's egg is accounted for by the loss of one chro- 
mosome— the small X, If eight chromosomes are present in the 
stem-mother's cells and eggs there are only seven in the body 
cells and in the eggs of the male-procfiicers. When the polar 
body of the male-producing egg is formed all the chromosomes 
divide except one, which, lagging on the spindle, finally passes 
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out bodily into the polar bo<}y dividing at this time as do 
also the members of the outer group of chromosomes. The 
result is that five visible chromosomes remain in the male egg, 
in reality six chromosomes, since the large X and the small x 
are attached to each other. In the body cells of the male these 
two X^s often remain united, but Sometimes partially separate. 
When reduction takes place three visible chromosomes are pres- 
ent' in the spermatocytes (one of these three is the fused pair). 
Two of these divide equally at the first division, and one (the 
fused pair) lags behind and finally passes to the female-producing 
sperm. Toward the end of this division the large X and the 
small X, not infrequently partially or even completely separate. 
In the second spermatocyte division all the chromosomes of 
the female-producing cell divide equally, giving rise to two func- 
tional sperm containing three visible chromosomes, or four in 
reality since one is double. The class of cells without the 
'degenerate. 

Returning again to the stem-mother in order to trace thehktory 
of the femal^line I assume that when the polar spindle divides 
all of the eight chromosomes divide, leaving eight in the egg (six 
visible) of which there are two pairs, each containing a large X 
and its attached small x. The eggs develop into the female 
producers,, whose polar spindles contain six equal chromosomes 
like, .those of the polar spindle of the stem-mothe%. The larger 
number of chromosomes in the female-producing egg accounts 
for- the larget size ’of the egg, as compared with the male-pro- 
ducing egg, which, as shown above, contains one less chromosome 
(the small x) . When the polar body is set free the chromosomes 
divide equally, six (in reality eight) passing out, and six (or^ight) 
remaining in the egg. The body cells of the ^-xual female con- 
tain therefore six (eight) chromosomes. A reduction division 
occurs in the sexual eggs, so that three (in reality four) chromo- 
somes appear. When the polar bodies are formed— there are 
two of them to judge by analogy with the aphids— three whole 
chromosomes (in reality four) are given off at one of the divisions 
so that three (in reality four) remain in the egg. The fema e- 
producing spermatozoon introduces into this egg during fertu 
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zationthe same chromosome group, which brings l^ack tl^e nuniher 
of chromosomes to that characteristic of the stem-mother, and 
starts the same cycle again in the next year. 

The attachment of the two small x’s to the two large X’s. tliat ‘ 
is assumed to occur throughout this series, except wheu oiic of • 
the small x's is supposedly lost in the mak^produciug line of the 
stem-mother'§ egg, and the loss of one large .Y when tlie male egg 
extrudes its polar body, may seem to be the most doubtful points 
in the preceding account. That a small x is actually' presimt is 
shown clearly in. the spermatogenesis, and in some of th(‘ somatic 
cells of the male. It i^, therefore, highly probable that the other 
large X, found in the stem-mother and female line, lias also a small 
X attached. Otherwise a symmetrical distribution of tlic chromo- 
somes can not take place. But my assumption that one small 
X is eliminated from those eggs of the stem-mother that givt‘ 
rise to the male line may appear mori' probk'matical. L readily 
grant that this is hypothetical. There are two facts, how(»ver,' 
that*give the hypothesis some prohAhility. First, by means 
of this hypothesis the Change in observed size-relations that taki's 
place in the chromosome group of the inalc-produeiiig egg can 
be accounted for. Second, the apparent absenei' of the small 
chromosome, in the lagging chromosome of the jiolar spindle of 
the male-producing egg, supports this xkw. On tlk‘ basis of 
these two observations I have ventured to offer the ahov(> hypoth- 
esis, ej^ecially as it seems to give a consistent view of the ch angles 
that take place at the most critical stage in th(‘ l(f{‘ cy(*k' when 
two lines are produced. In my former jiaper I ha\ e jioinUai 
out that there is no external condition that appears adeipiate to, 
accouftt for this dichotomy, and, if this is correct, we arc warranted 
in looking for an internal factor that produces the I'csult. The 
assumption moreover is in accord with the. view, now well c.stab- 
lished, that^he production of males is associated with tlu^ absence 
of certain chromatin in the egg. From this point of view the 
male-egg-producer- -the winged migrant — is half a step towards 
the production of a male; the final step is taken when the other 
X is eliminated, which demonstrably occurs at th(‘ next stage 
'vhen the polar body of the male egg is eliminated. 
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That an 'X chromosome may be present attached to another 
chromosome has been shown in recent years by Boveri, Boring 
and Gulick in several species of Ascaris. The same looseness 
of attachment that I have observed has also been found in the 
eggs of Ascaris where in certain individuals and at certain times 
a separation has been recorded, while in other individuals the X 
chromosome remains completely united with its larger compan- 
ion. In my own case the attachment is between two X chromo- 
somes while in the other cases the attachment is between an X 
and what is apparently an ordinary chromosome. 

OTHER POSSIBLE INTERPRETATIONS CONSIDERED 

In my former paper when dealing with the differences in the 
chromosomal groups in the equatorial plates of the polar spindles 
of the male- and female-producing eggs I have suggested that 
Ihe change could be accounted for if in the male egg the two small- 
est chromosomes (the two small a^’s) each left its larger partner 
and fused together while the two larger also fused. This would 
give the same actual number as before, but a relative difference 
in size would result. The logical conclusion from the assumption 
would be that when the .polar bodies are given off the large A’s 
separate (reduction division for the pair) and the small a;’s 
also separa+e, the other chromosomes dividing equationally. This 
assurhption was necessary for the large X and th# small x pair 
because in the spermatogenesis a large X and a small x aije still 
present. 

If this view were correct the lagging chromosomes in the ana- 
phase of the male egg should consist of a large and a small chro- 
.mosome. The facts show that two chromosomes do actually 
lag but unfortunately for the assumption they are equal and rei* 
atively large. The do.ubleness of this lagging body can be better 
.explained by a precocious division into equal part?; since the 
other chromosomes that pass out into the polar body also show 
signs of division at this time. It is clear that my former inter- 
pretation must be abandoned. 

There is another interpretation that might be considered, namely, 
that the lagging body is really a large X and small x closely united 
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and' the division is equal in both as in the other el.mnnKonies 
that pass out. This would leave a similar pair (larKe V •in, I 
small x) in the male-producing egg which becomes th,> lagging 
pair in the spermatogenesis. This hypothesis \,„rks mi't ,'„n- 
sistently but it leaves unexplained the observed siz,> ,linVrences 
that appear in the chromosome groups of the male egg; it also 
leaves unaccounted for the production of the smaller n'lal,. egg 
and it ‘explains away’ the observed .size relations in the lagging 
chromosomes of the male egg. Hence I think this view 0111.-1 
also be put aside. 

Again we might assume that the hirgo A' is tlie sex 
and the small chromosome attached to it (its syn:iptir inato) 
is in reality mot an AT at all, but a h chroinosoiuc. Wert' this 
the case the Y should pass into the niaic-producing spt'nn siiic(‘ 
this is the characteristic behavior of Y in other insects. As it 
does not do s(^ there is no basis of fact to support such an inter- 
pretation. 

Lastly, one may ask whether the two A's in tlK^stoni- 
mother's egg are of the same size and also wheiier tlie two small 
x’s present are of the same size. Assume for instama' that the 
two smaller are unequal in size. If the larger of tliem should 
pass out into the polar body of the stem-mother’s egg th(' egg might 
become a male-egg-producer, if the smaller passes out tlie, egg 
might becom# a female-egg-producer. In this way tlu' two 
lines become differentiated. But this Mmtild leave in the femal(? 
line two X’s and one small x (the larger one). We sliould liave 
to assume then that the sexual egg eliminates one largo X and 
retains the other large X and the other :r (its companion). In 
other words a second differential division must b(‘ assuriH'd. In 
the absence of evidence we are scarcely justified in making two 
such assumptions. Moreover, if this view were cornad we should 
expect to fi^d a chromosome group in the polar spindle of the 
female producing egg like that in the male-producing egg, but this 
is what we do not find. Of course if the larger of the small ,r‘.s‘ 
that is assumed to be left in the female-egg-producer wco’e much 
larger than that left in the male-egg-producer the size differences 
might not be so marked, but until this can be established we are 
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scarcelyjustified in making this assumption even although by doing 
so we may seem to give an attractive explanation of the splitting 
into the male and female lines. 

Other combinations will .suggest themselves but offer no advan- 
tages I believe over the one that I have suggested. 

COMPARISON BETWEEN PHYLLOXERA CARY.AECAULIS AND 
■ * PHYLLOXERA FALLAX 


It may be worth while to compare briefly the conclusions 
reached for P. caryaecaulis with the results described in myfornier 
paper for another species, P. fallax. The latter has twelve chro- 
mosomes in the epuatorial plate of the egg laid by the stem- 
mother. After the extrusion of the polar bodies I have described 
twelve chromosomes as the number for the cells of the embryo. 


If as in P. caryaecaulis there are two pairs of X’s present that 
are united this number would still be found, but i^this view were 
correct for the male line we should expect to find six in the male 
spermatocytes of which one is double. Five should divide equally 
and the double o*e should lag with or without showing its double- 
ness at this time. In reality only four divide equally and tno 
whole chromosomes that were separate in the equatorial plate 
of the spermatocyte come near together and become the lagging 
chromosomes of this division. There can be no question of their 
relations in the spermatocytes since the chromosomes are per- 
fectly distinct and hundreds of such stages have been studied. 
It seems necessary therefore to recast this first view and to ree.x- 
amine the facts. In fig. II; A-F of my paper six chromosome 
groups of polar spindles of male- and female- producing eggs aie 
drawn Of these groups three show twelve chromosomes, two 
show eleven, and one is doubtful. In fig. II a; C-T there are mne 
groups showing twelve chromosomes, one is doubtfully twehe 
or eleven, one shows eleven, and one shows ten. These arc all 
from winged individuals. These retain their eggs for 
and several ripe eggs are found in the body of each mdividua^ 
while the wingless individuals, which have replaced large y 
winged in this species, bring to maturity only one egg at a m 
which is laid as soon as it is ripe. It is therefore more 
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,0 get polar body spindles in this type. The ivinged individnsk 
produce only male eggs, so far as I have found. Therefore the 
fifteen equatorial plates of the winged niigraiit,. Ntipp.Kedly heloior 
to male eggs. Now it is well recognized that the large'mnnher 
of chromosomes is more likely to represent tlie t>'piea} 
for, when one or two are lacking they may be in Othio- seetif>ns! 
or be cut, or obscured by the other chromosomes. It appears 
then that twelve chromosomes are present in the male eggs. 

I found only two cases in wingless individuals in which the 
number of chromosomes could be clearly counted, fig. II a f’ and 
if. In both ten chromosomes are present, but two arc of double 
size and probably represent the four X’s fusi^i together in two 
pairs. There is no visible evidence therefore of the loss of one 
chromosome in the eggs that give rise to the mah'-producers as 
I have postulated for P. caryaecaulis. 

After the jfolar bodies have been given off from the large and 
the small eggs— unfortunately I have never found a spindle in 
processof division— two kinds of embryos ar(‘ found, namely, those 
^ containing twelve and those containing ten 'chronmsomes. It 
appears therefore that two chromosomes are lost fnuu the smaller 
egg. Morever only ten chromosomes appear in (he sjxTma- 
togonial cells. The evidence therefore may seem to point to the 
conclusion that in this species there is usually fio }r)s.s of chro- 
mosomes in any of the eggs (at least none that can be pointed 
out) of the stem-mother at the time when the polar bodies are 
formed. Hence the separation into the male-producers and the 
female-producers at this time can not be shown to be du(‘ to t,lu' 
loss of one of the twelve visible' chromosomes. 

It may appear therefore that the evidence contradicts the 
hypothesis offered to account for the change in the other species, 
but it will be noticed that the comparison rests in th(‘ assumption 
that the two equal X chromosomes in the spermatoc*>lvs of P. 
fallax correspond to the large X and the small .-rof P.carya(‘eaulis. 
But it may equally well be true that there are two larg(‘ X’s 
with two small attached (that do not become visibl(‘) in P. 
fallax. In other words not only are there twice as many ordi- 
nary chromosomes but twice as many sex chromosomes also. 1 he 
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total number of one species is double that of the other. If this 
ii, the case the loss of the two smaller might take place m 
those eggs of the stem-mother that give rise to the male pro- 
ducers and its loss* might not be apparent unless its mate were 
sufficiently reduced in size to make its loss visible. It has not 
been possible to make out the size relations of the chromosomes 
in F. fallax with sufficient clearness for the evidence to be of any 
value one way or the other. The question for this species must 
be left unanswered; but it should at least be noticed that the two 
large lagging chromosomes of P. fallax behave like the single 
lagging chromosomes of P. caryaecaulis, -and not like the large 
X and the small one of the latter form. 
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FOUR FIGURK!? 


In 1911 I published a preliminary report (Sturtevant, ’ll) of 
an experiment showing sex-linked inheritance in fowls. The 
more significant data for the second generation can now be given. 


DESCKIPTIOX OF PARENT lillKEDS 

The two breeds used in this experiment were the Columbian 
Wyandotte and the Brown Leghorn. The Colunilnan Wyan- 
dotte (fig. 1) is chiefly white, but with the tail, primaries upjier 
web of secondaries, median stripe to neck feathers, and some 

tail coverts black, in both sexes. , ',, 11 ,,, 

The Brown Leghorn is nearly the color of tU wild tud u. 
banMva.^ The.sexes are strongly dimorphic, rhe males h.ive 
Sdish yellow edging to the neck and back feathers, some red 
fn the shoulders and wing coverts, and a ' '’"‘X 

lower web to the secondaries (wing-bay ^i. f ancm ■ ) , _ 

.III Ih. Plumas, beimi .>',.»«» M-k- (J' 

tail, primaries, upper web to secondaries, . f 

feathL black. Her breast is salmon yellow j *e neck fe h 
ers are edged with yellow. The rest of the P « 
stippled or mossed with yellowish brown and black. 


■ Avery good ill«.trationshowingrnalcan<ih»a,e„lth.cv^^^ 

soa (’09, pi. 4, figs. 3-4, opp. p. 103). 
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DESCRIPTION OF CROSS-BRED BIRDS 

In Fi the males are all alike, whichever way the cross is made. 
They are of fairly typical Columbian color, but perhaps rather 
darker than the parent stock, showing black stripes in some 
back feathers and black ticking (small specks) elsewhere. These 
characters, however, may occasionally appear in a pure (Colum- 
bian male. There are two types of Fi females, depending on 
the direction of the cross. When a Columbian male is used 
they approach the Columbian color, but differ in having coarse 
irregular stippling of the Leghorn type, in the same places as 
in the Leghorn female. • These and the cross-bred males of the 
type described above L shall, for convenience, call grays. Th| 
Fi red females ob tailed from the Brown Leghorn male and Colmn- 
bian Wyandotte female (called browns in my earlier paper) 
are simply grays with the white replaced by a uniform red, about 
the shade of the breed known as Rhode Island Red- The F5 
results have shown that they are not to be considered as browns, 
genotypically like the Brown Leghorns, as I had supposed they 
were. 

In Fs occurred several new types, which I shall describe before 
proceeding to the analysis. Red males, like red females, are 
simply grays with red substituted for white. 
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Another quite new type of males occurreii-the duokwinj; 
This type tas the Leghorn or Jungle fowl pattern, with black- 
striped straw-colored neck and saddle, white wing-hay/ red 
shoulders and back, black primaries, tail, and wing coverts, 
and mainly black breast, though a little white and s(uue brown 
shows here. Now pure BroAvn Leghorn males occasionally shi>w 
some brown on the breast, and some of the white on the only 
specimen of the above class examined in adult |)luinagc is |)n)ba- 
bly due to the fact that he ^\as sick when young, and did not 
grow well (but see letter from .Mr. Wotl'all (luotcd belowi. 
Therefore I believe ttis male is a brown with white or straw- 
white substitut d for red and yellow in neck, saddl \ am! win - 
bay. 

There are two types of duckwing females. One. the silver 
gray, is the color of the Brown Leghorn female, with all the 
brown or yellow except that of the breast, rcjilaced by white 
or hght gray. This replacement is, liowex er, incomplete on the 
back and wings. This is the color of the Silver ,J)nckwing( Jaim* or 
Leghorn, and of the Silver Gray Dorking. I have seen brown in 
the above mentioned regions on exhibition spc(‘imens of two of 
these breeds. What I have called the brown duckwing fcm.ale 
has the yellow replaced by white only in tlie ne(‘k. I know of 
no breed where this condition appears (hut sec stateinent in 
letter from Mr. Westfall, quoted below.) 

The presence of these two types of females suggests that, there 
shodlcl be two types of duekwing males. Perhaps one ty))c 
Should be like the Silver Gray Dorking or the Dark Brahma 
males, which have the Browm Leghorn coldr with all brown and 
red replaced by white. Or perhaps tlierc should have btaai 
golden duckwiiigs, that is some witli straw-colored wing-hay, 
as well as neck, back, saddle, and wing-fjow. I had five duck- 
wing males, but raised only one to maturity. lh(‘ last time I 
examined the others they were not quite three months old. At 
that time all five looked about alike in color, and my not e^ regard- 
ing them are as follows: necks black and white; hacks ivd, 
. slightly stippled with black, straw-colored saddle featluTs begin- 
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ning to appear; wing-bows red and black; coverts and wing-bav.'^ 
brown stippled; breasts and tails black. In this ^ connection 
it may be of interest to note what Mr. Henry Hales, breeder 
of Silver Gray Dorkings, says (in a letter dated December 2<S 
1911) in regard to the juvenile plumage of males in that breed: 

The males have not the stippling like the females at any age: befori' 
adult feathering the cockerels have the coloring mixed up with white 
black, and brovm. One would hardly believe they would have the 
decided colors of the full plumage of the cocks. One cannot judge wliat 
the young ones are going to be until they are fully feathered. 

In view of this statement, it may be that my duckwing male was 
not far enough advanced when killed to show quite the adult 
plumage. Mr. Watson Westfall, another breeder of Silver Gray . 
Dorkings, wrote to me, under date of December 29, 1911, gudug 
a somewhat different statement, as follows: 

The Silver Gray female w*as once quite a browm colored hen and the 
males did not have white saddles and hackles but were straw color with 
some red across the shoulders. At this time they were known as Gray 
Dorkings, but by continual selection the English bred this brown out 
of them, and when the saddle, back, and hackle of the male w'as quite 
free of red and straws color and the female more gray the word Silver 
w'aS added, making the name Silver Gray as we have it now. As the 
chicks hatch now Avith the very pure white top male as sire all the cock- 
erels show themselves plainly at once by being whiter on the head than 
the pullets, but as soon as they begin to feather they soon become very 
closely alike and remain so until the adult feathers appear, when the 
males will show black on breast while the females will begin to ^^how 
red. Rut like all such varied colored fowls the female gets her real color 
long before the male. At two months old and up until the time the 
a^ult feathers begin to nhow on the cockerels they have a lot of stippled 
feathers on wings and back, but not many are as evenly stippled as 
the pullets, and where they are so much stippled and there is no brow ii at 
all to show on the wings, such specimens are very apt to be splashed w itli 
Avhite on the breast. The red doesn’t all want to be lost in the chick 
feathers or else there will be failure in breast coloring. 

Specimens representing the grays (one d' and one ?), reds 
(one d), duckwings (one d and pne $ ),*and extracted browns 
(one 9 ) are deposited with the Zoological Laboratory of Colum- 
bia University. 
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The matings made and the offspring produced were as follows: 


I. Columbian Wyandotte cf' X Brown Leghorn 9- 

II. Brown Leghorn X Columbian Wyandotte 9 ^ 

III. Brown Leghorn X Red Fi 9 ^ 

IV. Gray Fi cf (from II) X Brown Leghorn 9 — ^ 


gray ' 
gray 9 

ItJ gray 0 ’ 

S red 9 

d red . ' 
d red 9 

d gray “ 
a dui^kwing 
;■) red o’ 

7 gray 9 
1 silver gray 9 

1 hrown duekwing 9 

2 red 9 

2 1 1 row n 9 


EXPLAXATIOX OF HKSVLTS 

As I, pointed out in my preliminary note, there is here at least 
one sex-linked factor, which T .then called (i eausinjr the two 
types of Fi females. The F 2 generation agrees witit tliis, mating 
III giving no grays, and mating IV botli gray and non-gray 
males and females. But there arc obviously otiier factors (‘oii- 
tributing to the F 2 result, which is decitledly complex, as has 
so often been found to be the case in experiments with fowls. 
I do not, therefore, feel justified in giving more than a t('ntativ<‘ 
explanation of the results, since the numbers are siiiall, and only 
a few of the many crosses which would lie re(iiiir('d to test any 
explanation have been made. The following will, howev(‘r, 
cover the results obtained, and is the simplest sehenu* that I 
have been able to work out. 

Let us assiime that the Columbian Wyandotte carries an 
inhibitor, 7, for red in all parts of the body, with the exceptions 
noted below. This is the G of my earlier paper. The W- yaii- 
dotte also carries another sex-liiiked inhibitor, A , which prevents 
the production of red in the neck (and saddle of the male), not 
affecting the other parts. This is probably the factor descTif)e(i 
by Davenport (^11) as found in Dark Brahmas. Biros not carry- 
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ing these two factors have these regions of a red or reddish cohjr 
so that the Brown Leghorn, and probably also the Columbian 
Wyandotte, must carry a factor for red, R. The factors I and 
N do not completely ‘inhibit R, since most of my /-bearing birds 
show traces of brown here and there, and all the white necked 
males are very ‘ brassy’ (yellowish) . Both these characters some- 
times appear in pure Columbian Wyandottes. Apparently there 
is also a Leghorn pattern factor, L,- causing black breast and 
black on the wing coverts in the male, and black stippling and 
salmon breast in the female, the latter effect appearing even 
in the presence of /. The factor L is hypostatic to another pat- 
tern factor, P, which is carried by the Columbian Wyandotte 
and which inhibits all the colors just mentioned, as caused by 
L, leaving the color of the part dependent upon R and its inhib- 
itors. But one dose does not completely inhibit the stippling of 
the female. 

An alternative view, equally as satisfactory, I think, is that 
there is no inhibitor P, but that the Wyandotte has no L, and 
that the absence of this factor is dominant to its presence, 
heterozygous females being distinguishable by the stippling. On 
the first view L is probably present in all my birds. The con- 
stitution of the various types would then be as follows: 


Columbian Wyandotte 
Brown Leghorn 
Gray 
Red 

Silver gray 
Brown duckwing 


INRPL 

inRpL 

LNRPL or InKPL 
inRPL 

INRpL, or InRpL 
iNRpL 


One other combination is possible — iNllPL. This should 
give a bird with Columbian pattern, white or straw neck, and red 
body. It is possible that such would have appeared had more 
birds been raised, but I know of no variety having any similar 
color combination, and have never observed it in a cross-bred 


2 This is probably one of the coinponents of the J (Jungle pattern factor) of 
Davenport (^09). 
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fowl. This seems to me to be one of the most (iiffuHilt points 
in connection with the hypothesis here given to explain my results. 
It may be that there is some interaction between ,V aiul such 
that when both are present N cannot in’oduce its eiTect. Tluai 
iNRPh would give red. This could be iestoil by raising large 
enough numbers from mating IV to find out t lie real F .pro] >ort ions, 
or by testing a number of reds Avith BroAvn I.egliorns and seeing 
if any of them gave brown duckwings in F, or Iv.. Mv prineipal 
evidence indicating that X is sex-linked Avas the fact that the 
females from mating II had red necks. Ihil since they also had 
F, if the above hypothesis is correct, the only good reason for 
making N sex-linked is that it is probably identical Avith tin* 
factor described by Davenport (Tl) as being s(‘x-linked. If 
it is not so linked, then some of the reds fiom mating III should 
also carry it, and that mating should, eventually, produce sona* 
brown duckwings.’'^ 

Since I have no evidence that R or L is missing in any of my 
birds I shall simplify the folloAving formulae by omitting IIkmo. 
In these formulae MM represents a male, Mm a hanahv 

I. Columbian Wyandotte IXFM IXFM 

Brown Leghorn 9 inpM inpin 

INPM in]).M - gi ay r 
INPXI in pm -- gray 9 

II. Brown Leghorn (/ inpXI 

Columbian Wyandotte 9 IXPM inPm 

_ IXPM - -grav y 

inpl^I inPm — red 9 

III. Brown Leghorn y inpM inpM 

Red 9 (g8,metes) inPM inpMinPm inpin 

injiM inlLM hmI j 

inpM inpM —brown y Oiol seen i 

inpM in Pm —red ? 

' inpM inpm — brown V oiol si'Cii.i 


3 The real solution of this difficulty may be that / and .\ are eouplo!, 
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IV. Gray & (gametes) INPM IXpM InPM InpM iNPM iNpM inPM inp\f 

Brown Leghorn 9 inpM inpm 

INPM inpM — gray & 

INpM inpM — duckwin g cT 
InPM inpM — gray ^ 

InpM inpM — duckwing o' (silver gray) ‘ 
iNPM inpM ♦—redd' (white-necked?) 
iNpM inpM — duckwing cf 
inPM inpM — red cf 
inpM iupM — brown cf (not seen) 

INPM inpm — gray 9 
INpM inpm —silver gray 9 
InPM inpm — gray 9 
InpM inpm* — silver gray 9 
iNPM inpm — red 9 (white-necked?) 
iNpM inpm — brown duckwing 9 
inPM inpm — red *9 
inpM inpm — brown 9 


OTHER EXPERIMENTS DEALING WITH THE SAME COLORS 

Bateson (^02, ^09) and Punnett (^(fc) have given some facts 
regarding the duckwing color. When the Brown Leghorn was 
crossed mth the White Dorking or White Leghorn, they obtained 
in F 2 some silver gray females. Two of these mated to a pure 
Silver Gray Dorking male gave only silver grays, and of these, 
four females to a male gave only silver grays. From these facts 
Bateson ('09) infers that the replaced red and yellow of the 
Brown Leghorr^ probably depends upon a separate factor, which 
his white, breeds lacked. It seems to me more, probable that 
this factor, which I have called i2, was present in all three 
breeds, andMhat the two white breeds carried also the factor 
/. Any F 2 female showing the silver gray color would then be 
as pure for / as a pure Dorking, the factor being sex-hnked, 
which explains why they had no trouble in getting a dominant 
P 2 to breed true. 

Mr. T. Reid Parrish, a Columbian Wyandotte breeder, has 
published in advertising circulars and in poultry journals (e.g., 
Parrish, Tl) detailed accounts of how he originated a strain of 
Columbian Wyandottes (probably not the one used in my ex- 
periments). According to this account he used Light. Brahma 



>^-LINK„\GE IN FOWLS 


oOT 

females with a White Wyandotte male. The Li^dit Bndima has 
exactly the color of the Columbian Wyandotte. The hm\\ 
seems to have been brought from the Orient in something like 
its present form, so that its history as to the origin of its etdor 
must probably remain a matter of conjoct^e. The White Wytm- 
dotte was derived directly •from the Silver Laeed Wyandotte, 
and is stiy., or w^ comparatively recently, a not uneomnioii 
sport from that variety (see AlcOrew, '01, and ])oi]ltry literature 
generally). This would seem to indicate that it is a recessive 
white, probably due to the dropping out of a color producer. 
Mr, Parrish’s statements support this view, as lie .says he obtained, 
in the Fi generation from his cross, silver laced, barred. an<i 
Columbian birds — apparently no whites. These Fi silvei's !u‘ says 
were not typical, some of them having nearly white breasts,“yet 
showing a trace of lacing throughout the plumage.'’ This sounds 
as though they were much like the birds I obtained in my rn»ss 
between silvers and Colupibians {Sturievant, ’ll). Fnim tlie 
result of that cross it would appear that silver is in(‘omplet(*ly 
hypostatic to Columbian. Mr. Parrish says of his Fi harreti 
birds mentioned above that they '‘showed stronger Brahma 
markings than the silvers, but there was unmistakalilo barring 
throughout the plumage, being especially noticeable in tail and 
wing, some specimens showing barring in every section. 1 his 
is a most interesting statement, in view of the work of Spiflman 
(’09), Goodale (’09, TO), Pearl and Surface (’K)), and Daven- 
port (’06, ’09) on barring. In this connection it is worth noting 
that occasionally a few barred feathers occur in pure ( olumbitm 
Wyandottes, especially in the tail coverts of young males, and that, 
one of my F^ males (a duekwing) in the cxpcrinuMit d(‘scrilMMl 
above has some barring in his hackle. 

Mr. Parrish states that he mated his F. Columbians with 
White Wyandottes, reciprocally. From Columbian feimilo he 
obtained the same three classes as in Fi, but wc aro^ not to < 
whether or not whites appeared. The mating with C’ohinibian 
male gave whites and Columbians, but he doe^n t sa\ \\hiit f . < , 
if anything. 
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The only conclusions which I feel safe in drawing from these 
data are that the White Wyandotte is a recessive white, lacking 
a color producer, and that it carries a silver laced determiner 
Bateson (^02) gives confirmatory evidence for the first of these 
conclusions. 


SEX EOKMULAE 

It will be noted that I have used above the MM, Mm scheme 
for sex formulae in preference to the more usual Ff, ff formula 
(see Morgan, Tl). I have made the change because the formula 
used here gives a mechanism which allows both complete sex- 
linkage, and also incomplete association with the sex^determiner. 
I shall now present the evidence which has led to this view. 

It seems to me that the evidence now before us warrants the 
conception of the chromosomes as the carriers of Mendelian 
factors or genes, as a working hypothesis. This conception is 
espe{‘ially helpful in considerations of. sex-linkage and the other 
fonns of gametic coupling or associative inheritance. The recent 
hypothesis put forward by Morgan (Tl a, Tl b, Tl c) to explain 
these phenomena seems to me to overcome the old difficulties 
encountered by the chromosome hypothesis of Mendelian inher- 
itance. I shall make this conception the basis of my argument 
in favor of the MM, Mm scheme. 

Sex-linked inheritance of the type concerned here has now 
been known f«r some time, and has been recognized in Lepi- 
tloi)tera and in birds, as follows: Abraxas (Doncaster and Raynor, 
’lK>; Doncaster, ’08), canaries (Durham and Marryatt, ’08), fowls 
(Bateson, ’00; Spillman, ’09; Goodale, ’09, ’10; Pearl and Sur- 
face, TO; Bateson and Punnett, Tl; Davenport, ’ll; Sturtevaiit, 
’ll), and ducks (Goodale, Tl). 

Since my argument for the MM, M7n sex formula depends 
largely upon certain cases which I believe to represent partial 
sex-linkage, it will perhaps be well to present in some detail the 
e\’ideiice for the existence of this phenomenon. In this category 
I have included three eases of the Abraxas type (one in the fowl, 
one in the canary, and one in Aglia tau), and one, w'hich I shall 
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Bateson and Punnett (’ll) desoril^e certain exceptions occur- 
ring in their sex-linkage experiment with fowls, wliich they sug- 
gest may be due to a failure of the usual association between 
the. sex-linked facotr and the sex-determiner, i.e., to 'crossing 
over' in the female. This is what I meati by jiartial sex-linkage. 

The sex-linked factor in canaries transforms jiink eyes to black, 
and may .then be represented by the symbol B. The following 
crosses have been reported by Durham and Marryatt (’ 08 ): 


Black mi mi 

Pink 9 bM Inn 

BMbM - b!:n'k 


la 

BMbm — blnrk 

9 

7 

Fi black BMbM 

Black 9 BMbm 

BMBM~l)lark 


k •) 1 

B:^IbM~l)hu'k 

0* j 


BMbin -black 

9^ 

IS 

bM bin — pink 

9 

i;i 

K, black BMbM 

Pink 9 blM biu 

BMbM -black 


2\ 

1)M bM-i)irik 


21 

BMbm -'black 

9 

.a 

hM lull • — pink 

9 

p.l 

Pinka^ hMliM 

Fiblack 9 BM lun 

l)M liM -black 


4 

liM bill ■ - pink 

9 

i; 


It will be seen that all the above crosses give the typical 
Abraxas results if B and M be ass\nned to be completely cou- 
pled/^ but I have purposely omitted one cross: 


* Only in the second and fourth imitinfjs is tluTO any oj^pori unity for croH.siiiR 
over and in those ^ of mtiIv sii'i’i'iitccM liirds lliat would l)e afTo(‘l(id by 
such crossing over. 
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Pink-o^ WrbM 
Rlaok 9 liMbm 

HMbM - black’ cf 30 
bM bm —pink 9 33 
black 9 4' 

It is the last class of four black females which is of interest in 
this connection, and is inexplicable on the current scheme. I see 
only two* explanations of this class— either the sire was, through 
some mistake, really black-eyed, which I mention only b^ause 
it presents itself as a possible way out of the difficulty; or else, 
as I think probable, we have here anexampleof partialsex-linkage, 
B ordinarily being coupled with M, If this coupling b« incom- 
plete, then, black females are to be expected from the last mating, 
as the following analysis will show; 

( lamctcsof pink bM bM 
Ciametes of black 9 BM bm (Bra bM) 

BMbM -blacker 
bm bM — pink 9 
(bM bM — pink ) 

(Bm bM —black 9 ) 

This hypothesis could be easily tested. If it is correct, then the 
cross just discussed should, if large enough numbers be reared, 
produce as many pink males as black females. Furthermore, 
if these black females be bred to pink males, there 'should arise 
a race which would be dimorphic — black-eyed females and pink- 
eyed males — except for the occasional ^crossing’ back of B, which 
would now be coupled with m, and m occurs only in the female. 
Such a relation, if it be shown to exist, would be highly interesting 
in its bearing upon the problem of secondary sexual characters, . 

The third case which I have interpreted as partial sex-linkage 
is that of the moth Agiia tau reported by Standfuss ('96), and 
discussed by Castle ('03). ■ The variety lugens of this species 
is dominant to the type. Its gene may be designated L. My 
interpretation of this case is that L and M are associated in such 
degree that ^crossing over' occurs in about one-third, instead 
of the usual one-half of the cases. The analysis of the matings 
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then is as follows. It is obvious that all the luge ns n.u)ths used 
were heterozygous. 

\A\g. y ut \y[ 

Tail 9 IM Im 

IM hijr. / ;u 

IM IM - tail V 14 

TM Im • Iii^. 9 

IM Im - tau 9 2S 

The results of this one cross are not in accord with niy hypoth- 
esis, since all four classes should bo equal, but I think the num- 
bers are rather too small to be very signiticant. The recijirocal 
cross gives: 

Tau l^[ IM 

Gameto.s, lug. 9 2 I.M 2 Im llM l]jn 

2 IM LM ‘lug, y 2(i 

1 IM IM -tau ,)■ 

2 IM Im -tau 9 2;") 

1 IM Till —lug. 9 11 

This case comes out as I expect, but since the numl)ers are no 
larger and no more disproportionate than those in the first cross, 
I must rest my case on the third: 

Lug. cT LM IM 

Gametes, lug. 9 - l.M 1 IM 2 Im l.m 


2 

LM 

LM : 



>> 

LM 

IM ) 

■ — lug „)’ 

12‘l 

1 

IM 

LM J 



1 

l^[ 

IM 

- -1 tau o' 

It) 

1 

LM 

J.m 



1 

l.M 

Imi ) 

41ug. 9 

‘)4 

2 

L^[ 

Im j 



2 

IM 

Im 

'2 tau 9 



The relative size of the classes is perhaps as near the expected 
proportion as could be looked for, and becomes still nearer expec- 
tation if the coupling strength be increased slightly.'' So much, 
then, for the experimental evidence bearing upon the case. , 

^Standfuss (’10) has published atore data on this cross, but unfortunately has 
not reported the sex ratios obtained. 


THE JOCRX.iL or EXI'Kai MKXT.iL £ 06 l.(H;r, VOT., 12, S’O. 4 
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The cytological evidence relating to birds and Lepidoptera 
is not very helpful: Guyer’s ('09, '09 a) reports on guinea-fowls 
and chickens are directly opposed to the experimental evidence 
in that they make the male heterozygous for sex. • Since a re-ex- 
amination of the fowl case by other cytologists has so far failed 
to -convince them that Guyer's view is correct, I think we may 
for the present disregard this evidence, at least in so far as it 
concerns the fowl. Several observers (see Stevens, ’06; Dederer, 
’07; Cook, TO; Doncaster, Tl) have studied the spermatogene- 
sis of Lepidoptera, and in son;e cases have seen what they sus- 
pected to be an equal pair of idiochromosomes. I do not know 
of any further cytological evidence in these two classes of animals. 


- r 
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The cytological evidence indicates that, in the Lepidoptera 
at least, the male has two equal idiochromosomes. Judging 
by the experimental evidence, this must also be the casein birds, 
and the female must, of course, have at least one similar chro- 
mosome (see figs. 2 to 4) .These three are the carriers of the genes 
for sex-linked factors. The doubtful point is the mate of this chro- 
mosome, present in the female-producing egg. If the sex formula 
be Ff^ //, as we have been supposing, then this chromosome 
would be, visibly or imperceptibly, larger than the ^male’ (/- 
bearing) chromosome, since it would have one factor, F, not 
present in that chromosome (fig. 2). In this case it would seem 
that complete sex-linkage, such as that found in Abraxas and 
in barred fowls, would occur not at all, or at least only rarely, 
since every part of the /-chromosonie would have a homologous 
part in the F-chromosome, and crossing over would thus be pos- 
sible. It might be that the process of reduction is such that 
no crossing over is possible in oogenesis, but if the cases of par- 



SEX-LINKAGE IN FOWLS 


513 


tial sex-linkage be admitted, such crossing over must be possible.® 
If, on the other hand, we use the MM, Mm scheme we meet 
with no Such difficulties. In this case the heterochromosome 
contained in the female-producing egg is smaller than its mate in 
the male-producing egg, since it lack^ the factor M (fig, 3),' 
and the sex-formula is MM, Mm, two f’s being always present 
in both sexes, and contained, presumably, in some other pair 
of chromosomes. This would allow complete sex-linkage, for 
.genes in that part of the il/-chromosome having no homologue 
in the w-chromosome, and incomplete sex-linkage, for genes in 
the part having such a homologue. One might, of course evade 
this conclusion by assuming the condition represented hi fig. 4. 
In this case the chromosomes would not conjugate evenly, and 
the part marked L could carry such factors as are completely 
sex-linked. 

Of the converse case, where the male is heterozygous for sex 
there are not so many examples known. In Drosophila Mor- 
gan (TO, Tl, T1 a, etc.)has reported numerous sex-linked factors. 
Miss Stevens (’08) has found here exactly the eytological con- 
ditions demanded by the experimental evidence. In man color- 
blindness follows this same scheme of inheritance, as do appar- 
ently several diseases (Bateson, ’09; Morgan, Tl). Here, too, 
Guyer (TO) has reported eytological evidence that it is the male 
which is heterozygous. Finally we have the case of partial sex- 
liijkage referred to above. .Miss Stevens (’ll) has reported hetero- 
chromosomes in the male guinea-pig, and as that animal has 
been experimentally bred quite extensively I was led to lopk 
for sex-linkage in it. Perhaps the dwarf form studied by Miss 
Sollas (’Q9) is such a case. This is a recessive forni, and has 
not been reared to maturity, or had not been in 1909, so that 
the case is not thoroughly worked out, but it seems to be most 
easily explainable as a case of partial sex-linkage. If we rep- 

® It should be noted that, if upy view is correct, th sex chi omosomes under dis- 
cussion are homologucs, not of the and Y of Diptera, Hemiptera, etc., but of 
the Af-bearing chromosomes in those groups. 

' On this scheme two F’s are to be assumed to be always present in both sexes, 
probably situated in another pair of chromosomes. 
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resent the factor for normal size, carried by the heterochromo- 
somes, by N, then in ordinary guinea-pigs this is present in both 
gametes of each sex. But in a certain strain used by Miss Sollas, 
from which all her dwarfs descended, it had dropped out of the 
odd chromosome. This strain would go on breeding true, then, 
for some time, according to this scheme: 

NE XF normal 9 
\P’ nf normal 

XF Xl" normal 9 
XF nf normal cf 

But now suppose crossing over sometimes occurred, and we 
should have: 

XF XF normal 9 

XF nf (nF Xf) normal cT (gametes) 

XF XF normal 9 
XF nf normal 
(XF nF normal 9 ) 

(XF Xf normal cf) 

We should still have no dwarfs, but if the heterozygous female 
were mated to a male of her own race we should get dwarfs, thus : 

XF iiF normal 9 
XF nf normal cT 

XF XF normal 9 
XF nF normal 9 
NF nf normal cT 
nF nf dwarf 

This explains why Miss Sollas should obtain a great majority 
of male dwarfs, and how, as seems to have occurred, the pecu- 
liarity may descend through the female. But she does get some 
dwarf females from normal parents. These are to be expected, 
since they wwld appear in the last mating above if crossing 
over again occurred in the male, thus : • 
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NF nF normal 9 
XF nf ( n F X f ) n 0 rm :i 1 o'* ( fi amo t os 1 

XF XF normal 9 
XF nF normal 9 
XF nf normal o’ 
nF nf dwarf o' 

(XF nF normal 9) 

(nF riF dwarf 9) 

(XF X’f normal o') 

(hF Xf normal o*j 

The actual numbers for families containing dwarfs is as follow’s: 

Xormal 9 normal o' dwarf 9 dwarf o' 

2o IS) 0 20 

This gives a preponderance of normal males as against dwarf 
males, but it should be remembered that for every dwarf female 
due to crossing over there is a normal male produced, and sec- 
ondly, the mutant is obviously not a very viable one, so that a 
shortage is perhaps not surprising, e8])ecially in such eompai- 
atively small numbers. The fact that there are nearly as many 
dwarf males as normal females is obviously due to the cii’cum- 
stance that the males of both kinds taken tbgether are more than 
twice as numerous as the females. 

In plants Correns (’07) and Shull (TO, Tl) have shown that 
in certain dioecious species of Bryonia and Lychnis*it is the male 
which is heterozygous. In the absence of cytological evidence 
or sex-linkage phenomena a chromosome interpretation of these 
cases would perhaps be out of place. 

SU.MMAliV 

There is a sex-linked factor carried by the Columbian Wyan- 
dotte — an inhibitor for red in the plumage. This breed proba- 
bly also carries another sex-linked factor, an inhibitor for red 
in the neck. It apparently carries a pattern factor inhibiting 
the breast color, and, in the female, the stippled back of the 
Brown Leghorn. 

The silver gray color is probably epistatic to the Jungle fowl 
or brown color. 
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The white Wyandotte is a silver laced breed with a color pro- 
ducer dropped out. 

An attempt is made to explain three sets of phenomena, in fowls, 
in canaries, and in Aglia tau respectively, as cases of partial sex- 
linkage. ■ Using this explanation, it is argued that the sex for- 
mula for birds and Lepidoptera is probably; cf, MM, FF; 9, 
Mm, FF, The case of the dwarf guinea-pig is explained as per- 
haps representing partial sex-linkage in a form where the male 
is heterozygous for sex. 

February, 1912 
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L IXTRODrCTIOX 

Considering its importance in connection with many aspects 
of modem biological research, the question of the physiological 
characters of species, as opposed to their morphological ones, 
has received a surprisingly small amount of attention. 1 his con- 
dition has doubtless resulted partly from the fact that physio- 
logical characters, on account of their less definite and tangible 
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nature, are more" difficult to deal with than morphological ones 
and partly from the fact that single physiological characters at 
least, are notoriously unreliable guides in the questions of classifi- 
cation arid phylogeny that up until the present day^iave occupied 
so large a share of the attention of working biologists. 

The latter objection, however, no longer holds today, at least 
to the same extent that it formerly did. Modem zoology is 
not so much interested in finding out what are the probable rela- 
tionships of a given animal as in learning what it is, and especially 
what it does. This is the physiological point of view, which is 
uppermost in the minds of most biologists today. No data which 
throw light on wdiat goes on in the living organism are any longer 
considered unimportant; indeed, they are coming to be recognized 
as a vital necessity. If our knowledge of comparative physiology 
were as complete as our knowledge of comparative morphology, 
for example, there is not a single one of the more modern develop- 
ments of biological science that would not have its possibilities 
enormously extended. It is therefore a matter of increasingly 
great importance to accumulate accurate data on the physio- 
logical characters of organisms, to determine which ones are 
fundamental, and which accidental, which are constant in a given 
species, or larger group, and which vary in different individuals 
of the same species, or perhaps in the same individual at different 
times; in short to obtain as -full and comprehensive a knowledge 
as possible of the physiological characters of organisms. Perhaps 
the day may come when it will be possible to define any species 
in physiological and chemical terms in the same way in which it is 
now defined in morphological ones, and when no description of 
an organism will be considered complete which does not include 
its chief physiological peculiarities along with its structural one. 
The biologists of that day will be able successfully to attack prob- 
lems that for the present must remain untouched on account of 
lack of the proper kind of knowledge. 

It is needless to state that many observations of the sort sug- 
gested have already been made. Not to mention the more or 
less scattM-ed ones made on many widely separated groups of 
organisms, we already have a considerable knowledge of -the 



EFFECTS OF CARBON DIOXIDE 


521 


physiological characters of . many of the bacteria, a group in 
wtich, for obvious reasons, our physiological knowledge has far 
outstripped our morphological knowledge. Botanists have also 
accumulated sik enormous fund of knowledge relating to the com- 
parative physiology of the green plants, while in such special 
fields as the study of the blood sera of the higher vertebrates, to 
give but one example, encouraging progress has been made. 
Nevertheless, it is apparent that very little has been done in the 
way of systematic studies along the lines suggested, with the ulti- 
mate object of making the physiological characters of each organ- 
ism as well knowm as its morphological qnes. Such an under- 
taking is not the work of one man or of one generation. Many 
years must elapse before our knowledge will be anything but 
exceedingly fragmentary and scattered. The following paper 
is therefore a very modest contribution to so large a subject . It 
deal^merely with the effects of a single coinnion and important 
substance, carbon dioxide, on a number selected protozoan forms, 
with especial reference to their movements and general vitality. 
It will be followed at intervals by other papers on the effects of 
•various other substances, so far as possible on the same forms. It 
is not claimed that the results are, or will be, complete or exhaus- 
tive; still it is hoped that they may not be without interest and a 
certain amount of value. 

IF MATERIAL AND METHODS 

The forms studied were various of the most common ciliate 
Infusoria and flagellates, i.e., Paramecium caudatum, P, aurelia, 
P. buraaria, Colpidiurn colpoda, Coleps hirtus, Blipharisma 
lateritia, Euplotes patella, Vorticella nebulifera, Perancma tri- 
chbphorum, Euglena viridis (?), Ciilornonas paramecium, and 
Entosiphon sulcatum. In the case of all the forms mentioned 
except the last one, observations were made on individuals from 
several different cultures of different origin, the intention being 
to obtain, so far as possible, data which would apply to the species 
as a whole and not simply to a particular race. Of course it will 
be necessary to extend the observations still further before draw- 
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ing absolutely final conclusions; it is thought, however, th^t fur- 
ther work will not materially alter the results arrived at in this 
paper. 

The general method employed in studying the effects of carbon 
dioxide on the forms in question was to subject them, in ia drop of 
culture fluid, to a continuous stream of this gas in an Engelmann 
gas chamber. The drop of liquid containing them was placed 
on a slide or cover glass and the latter inverted in the usual way 
over the opening of the gas chamber, the joints being made air- 
tight with vaseline. The observations were made entirely with 
the compound microscope, chiefly with a Leitz 3-objective, 
although in doubtful cases the 7-objective was also employed. 
The points especially noted were the time required to stop normal 
locomotion, the time required completely to stop the beat of the 
cilia, flagella, etc., and the longest possible exposure after which 
recovery is possible when normal conditions are restored! In 
addition, incidental observations were made on the general behav- 
ior of the organisms and the visible structural changes produced 
in the cell by carbon dioxide. 

The gas used in the experiments was generated in the apparatus 
designed by McCoy, from marble and C. P. hydrochloric acid 
diluted in the proportion of one part of acid to four of water. 
Before coming in contact with the animals it was passed through 
two wash bottles filled with a solution of sodium carbonate to 
remove any traces of hydrochloric acid that might be present and 
also to ensure thorough saturation with water vapor. That no 
appreciable amount of hydrochloric acid was left in the gas was 
shown by coriductiug it into a silver nitrate solution, which in the 
course of two hours showed no traces of a precipitate or even of a 
cloudiness. The gas after being thus purified ^^as conducted 
successively through four Engelmann chambers, each placed on 
the stage of a microscope, and connected by rubber tubing in such 
a way that the same gas passed through all of them. This arrange- 
ment w'as found very useful, not only in making comparisons 
betweeii different species under as nearly identical conditions as 
possible, but also in facilitating a larger number of independent 
observations on individuals belonging to the same species. 
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Preliminary experiments showed tlie necessity of ol)serviiij; a 
number of precautions. The first of tliese is that the rate of 
evolution of the carbon dioxide shall be approxiiuately the 
same in» diffei^nt experiments which it is desired to compare, 
since it was found that, other things being equal, the slower the 
stream of carbon dioxide passing over the ilrof) the longer the 
animals survive. This is probably due to the fact that in a rapid, 
stream the air is removed from the gas chamber and the drop 
more quickly, and the animals have less time to adjust themselves 
to the new conditions than in the case of a slow stream. By 
using all four of the gas chambers in one experiment it was found 
easy to compare a considerable numl^er of forms with this factor 
constant. Frequently, indeed, a number of foians were prc'sent 
in the same drop and thus subjected to exactly the same (‘ondi- 
tions. In order to be able to compare exi)eriments made on 
diffej%nt days the attempt was made always to ha\’e the gas 
evolved at the rate of approximately 100 cc. per minute. This 
it was found possible to do within the necessary degree of accu- 
racy by proper regulation at the beginning of the experiment of 
the apparatus, which is automatic when once started. 

A second and most important point to be considered is the 
temperature, which has a marked effect on the time in which death 
occurs. A preliminary experiment on the three species of Para- 
mecium showed that at 22°C. death occurs in roughly half the 
time in which it does at 12°C. In order that this factor might be 
made constant, all of the experiments here recorded were made 
at, or very near, the first mentioned temperature, which is slightly 
^ibove ordinary room temperature. 

A third point that cannot be neglected is the size of the drop 
containing the animals. Preliminary experiments showed that 
this has an appreciable effect on the results obtained, especially 
when the drop is very small. In one such cxi)eriment in a very 
small drop the average time of death of a certain ‘pure’ racefpf 
Paramecium aurelia was seventeen minutes while the av(u*age 
for the same race in a rather large drop was thirty mimites. In 
two medium sized drops in the same experiment the times were 
twenty-eifeht and twenty-nine minutes respectively. It will be 
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seen therefore that while there is not very much difference b^ween 
the medium sized drops and the large one, the small one shows 
a deckled difference. This is probably due to the greater sudden- 
ness with which the animals were subjected to the#arbo& dioxide 
in the latter case rather than to any difference in its concentra- 
tion ultimately in the drops, since these probably all became prac- 
^tically fully saturated long before the end of the experiment. In 
order to guard against this source of error the drops were all made 
as nearly the same size as possible, the standard being a drop about 
8 mm. in diameter with a moderate curvature. Results obtain^pd 
in this way were constantly compared with those obtained when 
a number of the forms in question were present in the same drop. 

The final precaution has already been mentioned, namely,' not 
to base far-reaching conclusions on results obtained from a single 
culture. In the case of some of the forms studied more than a 
dozen cultures were employed; in all of them except one form, 
obtained very late, the number of cultures was at least three. 

III. OBSERVATIONS AND EXPERIMENTS 
A> Ciliates 

L Paramecium caudaium. The effects of carbon dioxide on 
this form are briefly as follows. Immediately after the current of 
gas has been turned on, the animals exhibit a general restlessness 
and begin to seek the center of the drop, or rather, to avoid its 
edges, doubtless because the concentration of the carbon dioxide 
is greatest there. Inside a minute, as a rule, in a drop of the size 
used in these, experiments, they have collected in its central and 
thickest part. Here they swim about actively but in very short 
paths, since tlie 'avoiding reaction’ occurs whenever their move- 
ments have a tendency to carry them* into the thinner and con- 
sequently more saturated part of the drop. Soon, however, 
gqrterally within two or three minutes, they cease to be able to 
discriminate between the concentrations in different parts of the 
drop and spread out again until they are uniformly -distributed. 
Sometimes toward the endof the experiment, for unknown reasons, 
they collect about its edge. Previous workers have noticed the 
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behayior just described. Loeb and Hardesty (*95) mention that 
Paramecium aurelia remains in the center of the drop fifteen miij- 
utes. In all probability they were dealing with a larger drop 
than the one #ed in these experiments, where in no case did either 
P, aurelia or*P. caudatum require more than a few minutes to 
become adjusted to the new condition. 

After this primary response, the animals swim about in a more, 
or less normal manner but more and more slowly, until they finally 
come to rest in a time that may vary from twenty or twenty-five 
Deputes to several hours. Even after locomotion has ceased the 
cilia continue to beat for some time. As death approaches they 
beat slowly and irregularly and frequently show visible signs of 
injury. Often a group of them may keeji on beating after the 
others have come to rest. There seems to be nothing constant 
about the part of the body where moveinents [lersist longest. ‘ 
After the cilia have completely stopped it seems to be impossible 
^ to start them again even by prolonged exposure to the air. The 
animals are to all intents and purposes dead. The same thing is 
true of the other ciliates studied, with the exception of Vorticclla, 
whose membraiielles are often stopped before the animal is seri- 
ously injured and consequently ran l)e started again. In the 
majority of ciliates, ho\vever, the viliratile structures arc among 
the most resistant parts of the cell and when they have finally 
succumbed the life of the rest of the cell is practically extinct. 

In the meantime, certain other changes have been occurring. 
Among the mos; striking of these is the change in slmj^c of the 
body, which becomes shorter and thicker. Some of the increase 
in the thickness is doubtless due to the shortening, but this does 
not account for all of it, and it is probable that an actual increase 
in volume occurs by the absorption of water. This [>henomenon 
is more strikingly shown in some of the other forms studied than 
in P. caudatum. About the time that the swelling becomes notice- 
able, the nuclei begin to be very clearly visible, standing t)ut 
sharply from the rest of the protoplasm by their greater opaque- 
ness. This is perhaps due to the acid nature of the medium sur- 
rounding the cell since other acids produce the same phenomenon. 
A furthef effect of the carbon dioxide oft en is apparent in theburst- 
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ing of the pellicle and the flowing out of droplets of clear proto- 
plasm. This may occur either before or after the cilia have 
stopped beating, but is not so constant in P, caudatrun as in some 
of the other forms studied. There is reason to brieve that this 
result is at least partly due to actual injury of the pellicle and not 
merely to an increase of internal pressure, since the bursting some- 
times occurs when the cell has not markedly swollen and also 
never appears until late, while the cell may reach almost its maxi- 
mum volume quite early. Furthermore, after one droplet has 
formed, thus supposedly relieving the internal pressure, others 
may form in quick succession at other parts of the cell boundary. 
This effect is not a specific one of carbon dioxide since Budgett 
('98) noted the same phenomenon in Paramecium and other pro- 
tozoa when merely deprived of oxygen in a stream of hydrogen, 
and high temperatures also cause the same result. ^ 

The time that elapses from the beginning of the experiment 
until the death of the animal varies considerably with circum- 
stances. The lowest average obtained in a single experiment 
was about twenty minutes, the highest over three-and-a-half 
hours, more cultures, however, approaching the latter value than 
the former. In an effort to determine to what extent P. caudatum 
can be said to have a specific resistance especial attention was 
paid to the question of the amount of variation shown by differ- 
ent individuals, races and cultures. A large mass of data was 
accumulated which will be made the basis of another paper on a 
somewhat different subject. It may not be out of place, however, 
to say here that while there is some evidence that different races 
may have different powers of resistance, these differences are 
insignificant compared with the enormous changes in resistance 
that a single race may undergo under appropriate changes in the 
culture medium. It is possible artificially to change the resistance 
very greatly, and such changes also occur naturally during the 
ageing of the culture, an old culture in general having a high resist- 
ance, and animals kept in the laboratory for a time being more 
resistant than ‘wild' ones. Great as these variations are, however, 
they have their limits and in the dozens of cultures and thousands 
of individuals studied none were found which had as low a resist- 
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s.nc6 3fS tliG 4i\ Grage Colcps hirtus for instMucG, or os liigli a one 
as the average 'Colpidiiim colpoda. Furtliennore in o given 
Culture, if P. caudatuiii has u higher resistance than usual, (he 
other forms pfesent also will, and their relative ivsistance remains 
practically xionstant. It is possible, therefore, to attribute to 
P caudatum as well as to the other foi’uis a spe(*i(k* resistance, 
remembering only that its absolute value is somewliat subject to 
variation under different conditions and that in conijiaring differ- 
ent forms it is well to have them either from tlie same cult ure or 
at least to make a considerable number of independent observa- 
tions on different cultures. 

2. Paramecium aurelia, A comparison of this form with the 
preceding one will illustrate the statement just made. \\ aurc'lia 
is in general considerably less resistant than P. camlatum. When 
the two forms are present in the same culture the former is always 
killed sooner than the latter, though rarely, when different cul- 
. tures are studied, some strains of P. aurella are erieountered which 
show a higher resistance than some of the most susceptilde strains 
of P. caudatum. In general, however, P. aurelia is killed in less 
than a half hour while P. caudatum nearly always survives sev(*ral 
times as long. The average time of death in the two extreme 
experiments on P., aurelia was a little over ten minutes on the one 
hand and over t'wo hours on the other, in most of the experiments, 
however, lying, as already stated, below thirty minutes. Loeb 
and Hardesty state that P. aurelia is killed by carbon dioxide in 
two-and-a-half to three-and-a-half hours. Perhaps tlieir culture 
was an abnormally resistant one, or possibly the application of 
the gas was slower than in these experiments, or the temperature 
lower In view of the fact, however, that the figures given by 
them are quite typical of the rather more common P. caudatum 
at ordinary room temperature, and also that the distinction be- 
tween caudatum and aurelia formerly was not very sharply drawn, 
it is possible that they were dealing with the former rather than 
the latter species. The difference in size between the two forms 
is probably not the reason for their different powers or lesistance, 
since in the same species no constant relation could be found 
between the time of death and the size of the animal Further- 
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more, the larger P. busaria is less resistant than P. aurelia and the 
somewhat smaller (Jolpidium colpoda far more resistant/ The 
cause of the difference is evidently of a more deep seated nature!* 

In the general" effects produced on it by carbon dioxide, P. 
aurelia closely resembles the preceding species. It shows the same 
negative response at first, which . disappears in about the same 
time. The body swells in about the same way. The nuclei 
often become very distinct, and this fact frequently renders an 
accurate identification possible without stai^g. The interval 
between the time when locomotion ceases and the cilia stop beat- 
ing is both relatively and absolutely shorter than in P. caudatum 
There is also a much greater tendency for the pellicle to rupture, 
this occurring in some cultures in almost every individual. Per- 
haps this apparently greater delicacy of the body w^all may be 
correlated with the lower powers of resistance of this form. 

S. Paramecium hirsaria. In a number of the cultures used 
in these experiments this species was found associated with the 
two preceding ones and therefore a favorable opportunity was 
presented to compare it with them. Such a comparison shows 
that it is the least resistant of the three. The average time of 
death was generally ten to twenty minutes, though in a number of 
cultures it was less than five and only rarely ran as high as thirty. 
The most resistant individual found lived over an hour but this 
was a most exceptional case. (It was in this culture that P. 
aurelia also showed its highest resistance — over two hours.) 
When the three forms in question are present in the same culture 
in every case observed the relative resistance was: bursaria, 
aurelia, caudatum, and might perhaps be represented numerically 
very roughly as 1 : 2 : 4. The general effects of the carbon dioxide 
on this form are on the whole s milar to those already described 
in the case of the other two species. The pellicle apparently is 
very delicate and nearly always ruptures while the cilia are more 
markedly affected than those of the other species ; as their move- 
ments cease they become matted together and very quickly be- 
come partly disintegrated, being represented only by an indis- 
tinct zone about the animal. It is rather interesting that this 
green form is less resistant than the colorless ones. Doubtless 
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on account of the presence of chlorophyll in its body it is accus- 
tomed to rather a low concentration of carbon dioxide, since this 
substance is constantly being renujved by it from the surrounding 
medium. Experiments to determine whether it was more, or 
less, resistant in bright light than in the dark have as yet not 
given very positive results, chiefly on account of the difficulty of 
controlling the temperature factor. 

4- Colpidiufn colpodG, This in every case pro\-ed to be the 
most resistant species studied, living long after the other forms in 
the same drop had succumbed. The general effects on, it of the 
carbon dioxide are as follows. When the stream of gas is turned 
on a strong negative response is shown and the animals collect in 
the center of the drop in the same manner as the forms alrescdy 
mentioned; soon, however, they become uniformly distributed 
and thereafter behave normally almost to the time of death which 
hardly ever occurs in less than six hours, and may take place much 
later. * In a number of experiments the carbon dioxide was allowed 
to flow for six or seven hours and was then shut off without how- 
ever admitting the air, and the animals were found to be in a 
normal condition the next day. In one such experiment they 
remained alive for a week, but this experiment was somewhat 
satiated by the fact that a small quantity of chbropliyll derived 
from disintegrated Euglena cells was present in the drop, and 
during the hours of daylight could have furnished a certain amount 
of oxygen, though only a small portion of the carbon dioxide in 
the chamber could have been gotten rid of in thisway. However, 
even if these last results be discarded the fact remains that Col- 
pidiumis exceedingly resistant to carbon dioxide, and may remain 
alive in a drop saturated with it for many hours. Prowazek ('03) 
found in an experiment of a different sort that C -olpidium survives 
a simple lack of oxygen far better than Paramecium caudatum. 

Carbon dioxide is not without its effects on Col pi di urn, how- 
ever. Locomotion, while not so markedly affected as in most of 
the other forms, nevertheless becomes less active than normally. 
Before death occurs the animals become quiescent, often at the 
edge of the drop, and the cilia beat more and more slowly until 
they stop. One point of interest is that the animals, while they 
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move about in a fairly normal manner appear to take no food, 
and the food vacuoles present at the beginning of the experiment 
gradually are lost until the bocjes of the organisms become re^ ' 
inarkably transparent. For a long time there is no swelling of the 
body," but rather a narrowing, doubtless due to the loss of the 
food vacuoles; towards the last there may be a certain amount of 
swelling but the pellicle very rarely ruptures as it does in various 
species of Paramecium. 

5. Coleps hirtus. This species forms a maiked contrast with 
the preening, being the least resistant of all the ciliates studied. 
Even the most resistant individuals hardly approach the least 
resistant ones of the other forms. The effect of the carboa diox- 
id# is seen almost instantly. The animals show no decided nega- 
tive reaction, apparently being overcome too quickly for such to 
occur. The normal, rather active movements of locomotion cease 
within a few seconds and thereafter only irregular Vibrating' 
movements occur up to the time of death, of which the average is 
well under five minutes. Even the most resistant individuals do 
not live for ten minutes. The visible effects of the carbon dioxide 
are greater on this form than any of the others studied. The 
barrel-shaped body swells until it is broadly elliptical or even 
circular in outline, the increase in volume being very decided. 
At the same time the plates of the armature become indistinct 
and disappear, giving the appearance at least of actually being 
dissolved away. In consequence the body becomes very trans- 
parent and the protoplasm may be seen to undergo coagulation 
phenomena. The cilia sometimes beat after the armature, has 
partly or entirely disappeared but usually their movements cease 
early. The cell in most cases bursts, generally at one of the ends; 
sometimes this occurs in two or three minutes, before much swell- 
ing has taken place. 

6. Blephansma lateritia. This on the whole is a very resistant 
form, being second only to Colpidium in this respect. It shows, 
however, rather more individual variation in the same culture 
than moat of the other forms studied, isolated individuals some- 
times succumbing quite early. Strangely enough, in spite of its 
general resistance its movements are very quickly affected. At 
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first it exhibits a slight negative response which, liowever ‘does 
not last very long and is not so decided as in the case of many of 
the other* forms. Very soon it| movements, never very active, 
become' markedly slowed, and for long jieriods there is either no 
locomotion at all or this is very slow. The membranolles and cilia, 
liowever, keep on beating up to the time of death, which in the 
majority of cases occurs in from three to six hours. These two 
structures in Blepharisma seem to have about the same resistance. 
Two phenomenal which are particularly characteristic of this 
species are the marked change in form whicli occurs am^ tlie tend' 
ency towards the formation of large vacuoles in the jirotoplasm. 
The body, originally lanceolate, within an hour nr two often 
becomes very broadly ovatfe or sometimes almost circular in out- 
line. Corresponding to the general variability of the species in 
other respects, there is a great individual variation in this regard 
also. Towards the end, considerable distortion of t he body occurs 
but b^irsting is rare. . 

T.^Euplotes patella. This form, on account of its peculiar 
cuirass-like modification of the pellicle might he expected to show 
a high resistance, but such is not the case. Its resistance in 
general is somewhat below that of Paramecium aurelia. The 
effect of the carbon dioxide on it becomes apiiarent very early. 
It is not markedly stimulated, though it does show a negative 
response at first. The normal movements of locomotion dis- 
appear as a rule after five to ten minutes, although the membra- 
nelles sometimes keep on moving an hour longer. However, in 
most cases the average time of death is considerably less than 
this — generally under half-an-hour. The cell very early becomes 
much distorted and the pellicle of the ventral surface ruptures, 
allowing the escape of drops of clear protoplasm, while the macro- 
nucleus at the same time becomes \^ry distinct and granular. 
Even after these changes have occurred, however, the membra- 
nelles continue their beat for a considerable time; the cirri are 
almost as resistant, though their movements are very irregular 
and uncoordinated towards the last. The average time reiiuired 
for all movements to cease varied in different experiments from 
about twenty-five minutes to a little over an hour. Rossbach 
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(72) claims that not only Euplotes but also Stylonychia and Chil- 
odon and hij^her animals as well were completely killed by carbon 
dioxide in three minutes. Such low figures give grounds for the 
suspicion that his gas was not pure or that some other disturbing 
factor was present.- 

H. Vorticella nebulifera. This in many respects is the most 
interesting form studied. It presents a case where both vibratile 
structures (membranelles) and contractile ones (myonemes of 
the ^beir and contractile filament of the stalk) are highly deveb 
oped, and it is a point of considerable interest to compare the 
effect of Carbon dioxide on these two classes of structures in the 
same cell. Its effects are as follows. Almost instantly when the 
gas is turned on the animal is strongly stimulated and makes 
perhaps half-a-dozen violent contractions of the stalk, which 
then slowly relaxes, and thereafter so long as the gas is allowed to 
flow neither contracts spontaneously nor can be made to do so by 
mechanical stimuli. The time required to produce this paralysis 
of the stalk varies from thirty to sixty seconds. . The myonemes 
of the ‘beir are similarly affected and the animal remains 
fully expanded throughout the experiment. If the gas is not 
allowed to act too long, full and speedy recovery may occur on 
removal to the air. For instance, in one experiment after a five 
minutes’ exposure to carbon dioxide and a subsequent five min- 
utes’ exposure to the air the animals were all normal in every 
respect. If the exposure to the gas is longer continued, however, 
permanent injury to the stalk results. After fifteen minutes the 
animals show a strong tendency to drop off of their stalks and the 
latter can be seen to be altered in appearance, the contractile 
. filament becoming broken up into irregular refractive fragments 
and droplets. If the detached animals recover, they regenerate 
a new stalk. 

The effect on the membranelles is almost the reverse of that on 
the contractile structures. At first they may show a temporary 
cessation of mavement but usually inside a few moments they 
begin beating again and may eontinue to do so for three-quarters 
of an hour or jiiore. Sometimes they stop temporarily and then 
start again even in the carbon dioxide while, removed to the air, 
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they show considerable powers of rerovery after a lengthy i)eriod 
of rest. In this respect they differ from the membranelles of 
Euplotes and Blepharisma which in these experiments never 
could be made to resume tlieir beat after having liaving eomjiletely 
stopped. Doubtless this difference is due to th(‘ fact that in Vor- 
ticella they are accustomed to stopping every time tlie disc is 
retracted, while in the other two forms they normally remain in 
continuous motion and are stopped by nothing slmrt of actual 
injury to the cell. 

The powers of recovery of \'orticelhi aft (a* all movements havt' 
ceased are quite considerable. In one experiment aTter three- 
quarters of an hour practically all of th(' individuals had become 
quiet, and many had been in this condition for half-an-liour or 
more. Five hours after exposure to the air in a moist cham])er 
about half of them had recovered and many had begun to regen- 
erate the missing stalk, which was already one-t<‘nth to one-half 
the length of the body. By the next day tliese stalks were one- 
half to two times the body length. In this ('X])erim(Mit about ot) 
per cent of the individuals never recovered and tliis is typical of a 
number of experiments that were tried. It may b<‘ said, tlna't'- 
fore, that certain of the movements of \’orticella are almost in- 
stantly affected and others only after a much longia- time. Even 
after all visible movements have coas('d the i)ow(‘rs of nH*ov<‘ry 
of the animals are considerable. 

In a fe\v instances individuals were (:)bs(TV('d whicli, Ixdon' the 
beginning of the experiment, had foriiual lln^ circk^t of cilia used 
yi the free-swimming existence. Such cilia wore about as resist- 
ant as the membranelles, though they wen‘ not observial to b(‘at 
again after having stopped. In no case did individuals which 
broke from their stalks during the course ot the (‘xjx'riinont on 
account of the effect of the carbon dioxide, form such cilia, l)ut 
their locomotion was entirely by means of thdr imanbraiu^lles. 

The Vorticella cell apparently shows no tendency to burst and 
form droplets of protoplasm, but a coiisidf‘ral)l(^ change in form 
may occur. In an atmosphere of carbon dioxide \\ lU'bulifera 
inside a few minutes tends to assume th(! more rounded form 
characteristic of V. campanula. In the individuals which are 
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killed the protoplasm becomes brownish and opaque, doubtless 
due to coagulation phenomena. 

B, Flagellates 

1. Peranevia irichophorum. This form show^s conditions which 
suggest those already noted in Vorticella. As is well known, 
Peranerna has a single very prominent flagellum, which in loco- 
motion is directed straight forward. Ordinarily it is quite rigid 
except the tip, whose movements cause a slow forward progres- 
sion of tl^e animal. During progression, and also when otherwise 
at rest, the body shows very decided changes in form, these 'meta- 
bolic’ movements, or contortions, being one of the most striking 
characteristics of the species. When exposed to carbon dioxide 
Peranerna responds perhaps as quickly as any of the forms studied. 
Its forward progression ceases almost instantly and after a few 
preliminary, and rather vigorous contortions, the body suddenly 
becomes paralyzed in whatever state of contraction it may hap- 
pen to bo in at the time. Only rarely- does the animal have time 
to contract to a spherical form before being overtaken with this 
paralysis; consequently the typical appearance of the body is an 
irregular mass which does not change its form so long as the stream 
of carbon dioxide is allowed to flow. 

The flagellum responds differently. Contact with the carbon 
dioxide -causes it to beat with a swingingmotioii in which the proxi- 
mal as well as the distal portion is concerned. Sometimes these 
movements are rather vigorous, but they never give rise to loco- 
motion. They may continue with more or less uniformity for*a 
half or even three-quarters of an hour; at the end of that time the 
flagellum gradually comes to rest. All visible movements have 
now ceased, but the animals are not necessarily dead. Experi- 
ments were tried to determine what powers of recovery Peranerna 
possesses after becoming perfectly motionless. It was found that 
when the drop containing them is removed from, the gas chamber 
and placed in contact with the air, a considerable percentage 
of the individuals ma}’ recover after an exposure of an hour and 
a quarter to carbon dioxide, even though all movements have for a 
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loug tirriG CGased. In the ease of individuals exposed for two 
hours, however, no recoveries occurred although the drop was kept 
under observation for twenty-four hours. The tinie required 
for recovery to occur depends on the length of time the gas has 
acted. After an exposure of five minutes, metabolic movements 
of the body begin in less than a half minute after contact with the 
air, and the animals may be entirely normal in ten minutes. After 
a longer exposure the time recpiired is much greater. In one 
experiment after an exposure of thirty-four minutes, but few of 
the animals were in a state of normal activity after an hoiir-and- 
a-half in the air, though at the end of four hours most of them 
showed no signs of injury and were normal in every res|)ect. 

Peranema therefore represents a form in which tlie eilects of 
carbon dioxide on locomotion and the contractile movements of 
the body are almost instantaneous, but which is killed only after 
a prolonged exposure. The point of greatest interest is that 
while certain movements of the body are brought to a standstill 
in a few seconds the flagellum may continue to beat for half-an- 
hour or more: We are therefore dealing with structures concerned 
in producing movements in the same cell which show a consider- 
able physiological difference. 

2. Euglena vindis(l). This form is in some respects more 
resistant and in others less resistant than Peranema. The time 
required for locomotion to cease is lunger and the powers ot 
recovery after an extended exposure greater, but the flagellun 
is much more sensitive and the length of time roquirial to brin^ 
tq an end all visible movements is considerably less. Like Pera 
nema, Euglena shows no decided negative reaction to the. gas as 
do many of the forms studied, though locomotion may persist for 
a few moments. Often the first effect of the gas is to cause a 
short temporary cessation of all movements, which (piiokly reap- 
pear. Soon, however, movements of progression cease and the 
organisms show signs of life only by vibrating movements which 
are due to the abnormal beat of the flagellum. These gradually 
cease and the animals sink to the bottom of the drop motionless 
and perfectly extended. The time required to produce cessation 
of all movement varies from two or three to ten minutes. The 
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particular Euglena studied, which was close to, but probably net 
identical with, E. viridis, was not one which very actively changes 
its form, and consequently was not a very favorable one in which 
to observe the effect of carbon dioxide on the contractile move- 
ments of the body. It may be said, however, that while ^eugle- 
noid’ movements were observed in many individuals before the 
beginning of the experiment and also after recovery, they never 
occurred during its progress, consequently the conditions here 
probably arc the same, even if less striking, than those found in 
Peraneina. 

After the organisms have settled to the bottom of the drop and 
become motionless the only change that can be observed is a 
gradual slow swelling of the body. At the same time there is a 
slight shortening which, however, is not sufficient to account for 
the greater thickness of the organisms as careful measurements 
show. This swelling continues until the shape of the body has 
changed from cylindrical to broadly elliptical in outline and the. 
chlorophyll bodies appear forced apart from each other. In 
extreme cases the cell may appear to be at the point of rupture, 
though this rarely occurs, the pellicle being very tough and elastic. 

Altliough all movements cease in Euglena in ten minutes or 
less, it requires a much longer time to kill the organisms. Even 
after an exposure of three hours about a third of the individuals 
eventually recovered, though the time required was considerable. 
The recovery of Euglena is far slower than that of Peranema. 
After an exposure of seven minutes no recoveries could be notict d 
a half hour after removal to the air, although they began to occur 
soon after that, and in an hour and a quarter practically all the 
individuals were normal. After an exposure of two or three hours, 
the time required for rocovei'y is three or four hours or more. 

3, Chilomonas parameciunL This form shows great individual 
and also cultural variation. While in a few cases the animals 
become motionless in fifteen or twenty minutes, the average time 
required generally is three-quarters of an hour or more. Many 
resistant individuals retain their movements for several hours. 
In general, therefore, this may be said to be a form with a high 
resistance. Unlike the two previous flagellates, Chilomonas 
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shows most decided reactions to the presence of carbon dioxide. 
The first effect is often to cause a temporary cessation of motion 
which lasts however only for a few seconds, after which the ani- 
mals are remarkably active. They show a stvikinj^ tendency to 
seek the center of the drop at first, later becoming uniformly dis- 
tributed again. Their motions at first are normal Imt gradually 
the animals come to rest and give evidences of life only by a slow 
rotation or by quick darting movements whicli they occasionally 
make. In practically every case the cell !)ecomes circular in out- 
line and if the experiment be long continued may actually Inirst. 
Chilomonas like the preceding form also has considerable powco-s 
of recovery after all motion has ceased. In one exjjeriment even 
after an exposure to carbon dioxide of two-and-a-half hours about 
75 per cent of the individuals eventually recovered after exposure 
to the air. In other cases, however, even after a sliorter exposure 
the mortality is greater. 

* Entosiphon aulcalum. This form unfortunately was studied 
in only one experiment in which, however, a consideraldi' num)>er 
of individuals was present. Judging from these rather incom- 
plete data, it is by far the most resistant of the flagellates exam- 
ined. After an- exposure of five hours it not only was ali\’e,l>ut 
the movements were not very markedly affected. ]h)th flagella 
continued to beat, though in rather a stiff and jerky fashion, and 
slow forward progression continued. How long it would have 
survived cannot be said, but probably the time would ha.vebe(‘n 
eonsiderably above that mentioned, since when the (‘xperinamt 
had to bo ended none of the animals had as yet been killed. 

IV. DISCUSSION OF KlX'l/rS 

From the results given it is a]i])arent that all of the forms 
studied are injured and eventually killed by pure carbon dioxide, 
but that the resistance of the different forms is very different. 
Colpidium colpoda can withstand without injury an exposures 
of many hours, while (hleps hirtus is killed in tlireo or four minutes. 
Sometimes the time of cessation of visilfie movements and the 
point at which the cell is so severely injured that recovery cannot 
occur, may coincide, as in most of the ciliates fin Fuplotes patella 
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irreparable injury probably occurs before the membranelles cease 
beating) while in other cases, the animal is capable of full recovery 
long after all movements have ceased, e.g., flagellates and VortU 
cella. Some animals which are otherwise fairly resistant to car- 
bon dioxide, as shown by their powers of recovery after a pro- 
tracted exposure to it, or by the long continuation of visible 
movements, show its effects very quickly by their inability to 
carry on normal locomotion in its presence. Peranems is the 
most striking example of this condition, Euglena and Euplotes 
also being relatively quickly affected. In their primary response 
the different forms also show distinct differences. The three 
species of Paramecium studied as well as Colpidium, and Chilo- 
monas show a decided negative reaction and an ef¥ort to escape 
from it. This reaction is less marked in Blepharisma and Eu- 
■ plotes, while in the other forms it is practically lacking, probabh' 
because normal movements are so quickly interfered with. (En- 
tosiphon was not studied in this connection.) It will be seen, 
therefore, that the different forms studied show certain charac- 
teristic differences in reactions and general resistance to carbon 
dioxide. 

. It has already been pointed out that there is a certain amount 
of individual and cultural variation in the same species, which 
makes it impossible to put in exact quantitative form the time 
in which death occurs, etc. Nevertheless the relative resistance 
of each form as compared with other forma from the same culture 
is fairly constant and furthermore it is at least possible to say that 
certain forms always have a high, and others always a low resist- 
ance. While some forms may ‘overlap,’ others, as for example 
Colpidium and Coleps, never do. 

The observations here recorded arc not the first that have been 
made on the differences in resistance to carbon dioxide shown 
by different organisms. Frankel (’88) studied the effect of this 
substance on various bacteria with the result that some were found 
to thrive almost as well as in air, others had their development 
checked but were not killed, while others were quickly destroyed. 
Lopriore (’95) also, in his careful exp*eriments on the effects of 
carbon dioxide on the spores and mycclia of fungi and the pollen 
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tubes of angiospeniis, found decided specific differcucos. ^fany 
other scattered observations exist, viiich iiowever, it is diflieiilt 
to compare on account of the different methods em]')loycd in 
obtaining them. 

It is interesting to consider the results here obtained in con- 
nection with those of Jennings and Moore 1)1) on the cheiuotactic 
effect of carbon dioxide on various protozoa. Of the four forms 
mentioned by them as being attracted by this substance, tlirec 
(i,e., Paramecium caudatum, Colpidium colpoda, and Ohilomonas 
Paramecium) have been studied in these (Experiments and ail sliow 
marked powers of resistance, as well as a strong negative response 
when the concentration is suddenly made high in the edges of llu‘ 
drop. Of the forms found by them to be* imlifferent, unfortu- 
nately only two genera (Euglena and Euplotes) were available, hut 
these both showed a relatively low resistance as compared with 
related forms, at least so far as the continuance of locomotion is 
concerned. It would be interesting to study tlic oth(Er mcmlna-s 
of their list in this connection. Doubtless many otlicr facts of 
behavior could be brought into line with such jdiysiological ]>(*cu- 
liarities as the one under consideration. 

One of the most interesting results that ap])ears from tfu'se 
experiments is the striking difference that seems to ('xist l)(dw(‘en 
the contractile elements of the coll- the myonemes on th(‘ om^ 
hand, and the vibratile ones— cilia, membranclDs, and flagrdla 
on the other. The former arc very (]iiickly thrown out^ of func- 
tion while the latter continue their normal movements for alimg 
time. The best illustration of this point is Vorticella, in wlu(Ji 
the contractile filament of the stalk, and the myonemes, after a 
primary stimulation, are inside a minute or less completely para- 
lyzed, while the membranelles perhaps after stopping for a short 
time continue to beat for three-quarters of an hour. Such results 
are in agreement with those obtained by other workers. Nere- 
sheimer (’03), for example, found that the myonemes and inem- 
branelles of Stentor are differently affected by substances like 
morphin, which paralyze the former and do not affect tlu^ latter. 
Lillie (’12) has observed that the cilia of Arenicola larvae continue 
their acvltity for hours in isotonic sugar or magnesium chloride 
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solutions, or in solutions of chloroform or ether, which prevent 
completely all muscular movements. Recently Mayer (^11) has 
found that the effects of many ions on ciliayy and muscular move- 
ments are exactly opposite thpse that depress the one stimulating 
the other. He found that the ciliary movements of trochophore 
larvae at first cease in water charged with carbon dioxide but 
later start again. It is well known that carbon dioxide at first 
stimulates and later depresses muscular movements in the higher 
\'ertebrates (Lee, ^07). In Vorticella in the same cell this antag- 
onistic action appears very clearly. In other forms it is harder 
to demonstrate a primary depression of ciliary activity, possibly 
because of the response of the organism as a whole in an adaptive 
way. In Chilomonas, however, the primary depression of the 
movements of the flagella nearly always occurs. 


V. SUMMARY 

1. Each of the twelve forms studied reacts to carbon dioxide 
in a characteristic way and has a characteristic resistance, which 
is highest in Colpidiuni colpoda, which remains alive many 
hours, and lowest in Loleps hirtus, which is killed in a few minutes. 
A certain amount of individual and cultural variation may occur 
which prevents the expression of the resistance of the species in 
absolute Uu'ins. Compared with other foi'ms under the same 
conditions, however, the relative resistance is fairly constant, 

2. Some forms are killed outright very quickly (Coleps hirtus 
and Paramecium bursaria) . In others all movements are stopped 
in a few minutes but death occurs relatively late, the powers of 
recovery being high (Euglena). In still others, locomotion ceases 
very promptly but movements of the cilia, flagella, etc., may per- 
sist for a long time (Peranema trichophorum, Euplotes patella, 
etc.) . In the remainder, more or less normal locomotion continues 
fqr a considerable time (most of the ciliates, Chilomonas and 
Eutosiphon). The result in all cases, however, if the experiment 
be long enough continued, is cessation of movements and death. 

3. In the same cell the contractile elements are usually quickly 
paralyzed (Vorticella and Peranema) while the vibratile structures 
(cilia, membraiielles, flagella) are much more resistant.- In some 



EFFECTS OF CARBON DIOXIDE 


541 


cases (Vorticella).the action of carbon dioxide on these two classes 
of structures is exactly opposite, the contractile elements being 
first stimulated and then parah zed and tlie vibratile ones often 
temporarily stopped and then started again 

4. Ordinary cilia and their modifications, membraneiles and 
cirri when present in the same cell show approximately the same 
resistance. Flagella show great variation, that of hhiglena being 
paralyzed in a few minutes and tln)se of Chilomonas and Ihito- 
siphon remaining active for several hours. 

5. In ciliates in general, with the exception of the sp(‘eialized 
Vorticella, recovery after oomplet(‘ eessation of movement is 
impossible; in the flagellates, movement (‘ease long b{‘fon‘ the cell 
is permanently injured. 

6. The general effects of carbon di«>xide on tli(‘ (‘cll an^ to cause 
(a) cessation of movement, (b) absorption of water and coris(M|uent 
swelling, (c) injury to the c(4l wall, (d) deatli and coagulation of 
the protoplasm. 
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ON THE ADAPTATION OF FISH iFUNDULUS) TO 
HIGHER TE M PER ATU R ]':S 

JACQUES LOEB and HAHOOMMI WAS'rEXKYS 
From the RochcfcUcr InsiiiuU', XcmVork 

I. IXTRODLTTIOX 

It is a well known fact that organisms ran stand a higher tem- 
perature if the latter is raised gradually than if it is raised sud- 
denly. This phenomenon is referred to iti biology as a case of 
adaptation. Ballinger states that he succeeded in adapting cer- 
tain protozoa to a temperature of 70° by gi'a dually raising their 
temperature during several years. 

, Schottelius had found that colonies of Micrococcus prodigi- 
osus when transferred from a temperature of 22° to that of 
no longer formed pigment and trimethylamiii. When transferred 
back to the temperature of 18° to 22° the formation of jugnumt 
and of trimethylamiii was resumed. After the cocci had been 
cultivated for ten or fifteen generations at 38° tliey failed to form 
pigment even when transferred back to 22°. 

These experiments became the starting point for similar experi- 
ments by Dieudonne. , He used Bacillus fluorcscens put idus which 
forms a fluorescein pigment and trimethylamiii. Tlic optimal 
temperature for this bacillus is 22°. At 35° it grew but did not 
form pigment- or trimethylamin. At 3 7°. 5 growth ceased. Ue- 
transf erred to 22° pigment and trimethylamin were again formed. 

Dieudonne^ exposed a culture of this l)acillus to 35°. >\fter 
twenty-four hours a second culture was taken from this and also 
kept at 35°, and this process was repeated each day. The fif- 
teenth generation thus cultivated at 35° began to form som(‘ [lig- 
ment and from the eighteenth generation on, at 35° the formation 

^ Dieudonne, Arb. aus deni kaiserl. Gesuiidhcitsanite, vol. 9, p. 492, 1894. 
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of ’pigment and trimethylamin had become as good as that in 
the cultures kept at 22°. The organisms had, th^efore, become 
^adapted’ to a temperature of 35° which at first was unfavorable. 

Dieudonn6 did not succeed in causing pigment formation in 
this bacillus at a higher temperature than 35° although the bacil- 
lus finally grew at a temperature of 41°.5. He obtain^ similar 
results in experiments on otherpigment-formingbacteria. Daven- 
port and Castle^ made experiments with tadpoles of frogs. One 
lot of eggs and tadp^es was kept at about 15°, a second lot for 
twenty-eight days at 25°C. While the tadpoles raised and kept 
at 15° went into heat rigor at 40°. 3C., those kept for twenty-eight 
days at 25° were not affected by this temperature but went into 
heat rigor at 43°.5. Their resistance to high temperature had 
therefore risen 3°. 2. When the latter tadpoles were put back for 
seventeen days to a temperature of 15° they had lost their resist- 
ance to high temperature to some extent but not completely, 
since they went into heat rigor at 41°.6. The authors suggest 
that this adaptation to a higher temperature is due to a loss of 
water on the part of the protoplasm. They assume that the rise 
in temperature causes a comparative acceleration in the excretion 
of water on the part of the tadpoles. The hypothesis of these 
authors is based upon the fact, that spores of bacteria are more 
resistant to high temperatures than the bacteria. WTiile this is 
a fact, nothing in the experiments of Davenport and Castle proves 
that the amount of water in the tadpoles is diminished by the rise 
in temperature. The idea of Davenport and Castle was put to 
a direct test by Kryz.® He kept frogs, toads and salamanders 
at room temperature, and at temperatures as high as 40°C., for 
a number of days or weeks and tested the coagulation temperature 
of the muscle plasma for both ranges of temperatures. He found 
that the coagulation temperature was identical for the animals 
kept at low and those kept at high temperatures. 

The following observations by Kammerer^ indicate also an after- 
effect of the raising of temperature. Lacerta muralis from the 

^ Davenport and Castle, Arch. f. Entwickelungsmechanik, vol. 2, p. 227, 1S96. 

* Kryz, Arch. f. Entwickelungsmechanik, vol. 23, p. 560, 1907. 

‘ Kaiumerer, Arch. f. Entwickelungsmechanik, vol. 30, p. 379, 1910 . 
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cooler climate of Nieder Oesterreich darkens already at a tempera- 
ture of 25® and becomes perfectly black at a slightly higher tem- 
perature. Lacerta muralis from the warmer climate of Italy 
.remains perfectly normal at 25° and darkens only at 37°. Kam- 
merer points out that the higher temperature at which the latter 
lizards tad lived prevented the effects which the same rise in tem- 
perature produced in lizards that had previously lived at a lower 
temperature. 

II. THE INFLUENCE OF THE COXCEXTRATION OF THE 
SOLUTION UPON THE RESISTANCE OF FUN- 
DULUS TO HIGH TEMPERATURE 

We used as material for our experiment half-grown Fundulus 
which were caught in Long Island Sound in January and kept in a 
room in the laboratory, the temperature of which varied a little 
around 10°C. Two fish were put into each of the following solu- 
tions: H 2 O, m/128, m/64, m/32, m/16, m/8, m/4, NaCl + KC1 + 
CaCU in the usual proportion. It was found that the higher 
the concentration of the solution — up to a certain limit— the 
longer the fish could survive in a given high temperature. The 
method consisted in putting a number of battery jars with 500 cc. 
of the solution into a large water bath the temperature of which 
was constantly watched and kept constant. When all the solu- 
tions had reached the desired temperature the fish were introduced. 
In a number of cases the experiment was continued for several 
days in a bacteriological thermostat. Table 1 gives the duration 
of life for these fish in each of the solutions for various tempera- 


TABLE 1 





DURATION' or LIFE 

OF FUND' 

LI.VH IN 



1 NaCl + 

TEMPEBA- 








} KCI + 

TCRE 

HiO 

m/128 i 

m/G4 m/32 

m/lfi 

m/» 

m/4 

1 m 

CaClj 

i 

25“ ' 

4 hrs. 

1 

indef. I 

indef. indef. 

indef. 

indef. 

indef. 

indef. 


27“ 

1 hr. 

2 hrs. i 

2 hrs. : indef. 

indef. 

iii<lef. 

indef. 

indef. 


29“ 

7' 

31' 

50' : 62' 

. 90' 

indef. 

indef. 

indef. 



13' 


25' 1 17' 

i ,50' 

indef. 

indef. 

indef. 


33“ 

2' 


' 6' 

9' 

7' 

9' 

80' 
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tures. The term ‘indefinite' means that the fish were alive and 
apparently normal at the end of the experiment. 

These experiments were repeated with the same material with 
approximately identical results; 33° was as a rule the upper limit 
the fish could resist during the month of January. Occasionally 
a fish would survive a sudden exposure to a temperature of 33° in 
am/4 solution of NaCl KCl 4- CaCh but such fist were no 
longer normal and would swim on their side. 

It was next ascertained in which concentration the fish could 
resist the highest temperature. It was found that .this concentra- 
tion was m/4. In m/2 and | m they were not able to resist as 
high a temperature as in m/4 or f m solution of NaCl + KCl + 
CaCl 2 . When sea-water was substituted for Ringer's solution 
(NaCl + KCl + CaCh) the results were the same as represented 
in table 1. 

TABLE 2 


TEMPERA- 



DUK.M’irjN 

OF l.IFE ■ 

nr fx’N’di 

UIA'S IN 



TURE 

n..o 

: 111/32 

m/K) 

in/S 

m/i 

B ni 

1 

R m 

29“ 

4^)' 

, 40' 

:i0' 

40' 

1(K)' 

40' 

, 70' ; 

40' 


W 

1 20' 

IP/ ■ 

20' 

20' : 

24' 

1 25' 

18' 


L DEX- 
I TR08E 


The fact that the temperature which the fish could resist w^as 
the higher, the higher the concentration of the solution, suggested 
the possibility that the loss of water on the part of the fish in- 
creased their resistance. This explanation, however, does not 
agree with the observation made by Sumner and corroborated by 
us that Fundulus undergoes practically no change in weight when 
put into distilled water or when put back into sea-water. The 
idea that loss of water made Fundulus more resistant to heat 
could be tested by the substitution of sugar solution for Ringer’s 
solution or sea-water. It was found that dextrose solutions were 
not able to protect the fish, in fact such solutions were little if 
any better than H 2 O (table 2). 

The duration of life of the fish in the dextrose solutions is about 
identical with that in distilled water. This excludes the sugges- 
tion that osmotic phenomena determine the influence of the con- 
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centration found in the experiment e with Ringer solution or with 
sea-water; especially if we consider the fact that Loeb found that 
Fundulus can live for over a month in an m/8 solution of dextrose 
at ordinary room temperature (if the solution is renewed every 
day). 

The digerence between the results expressed in tables 1 and 2 
suggested that the protective action of the Ringer solution was 
of the nature of a specific salt action. We, therefore, tested the 
idea whether or not other salt solutions, e.y., Xa('l or CaCl: 
could afford the same protection. It was found that this was true 
to a slight degree in the case of Na(.'l but not in tiu' case of CaCdj. 
Table 3 may serve as an examjile. 


TABLE 


TEMPEaA- 

TURE 

i 

H20 

ni/G4 

di;h vtu 

ni/"e 

JN UF LIFK 

m/U\ 

: OK FUNDI* 

trl/8 

1 .U:^ IN 

11 1/4 

I in 

111/2 

29 ° 

30 ' 

30 ' 

40 ' 

rn}’ 

iiuluf. 

120 ' 

I'JO' 

30 ' 


.H2O 

m/64 

m, 32 

111/16 

in/^ 

111/4 

iin 

; (V'lj 

29 ° ■ 

20 ' 

1(X)' 



iW 

30 ' 

10 ' 



In an m/8 NaCI solution some but not all of the fish could live 
indefinitely at29‘^; in an ni/8 or ni/4 solution of sea-water or Ringer 
solution they could all live indefinitely at 29°. We must therefore 
conclude that the protection which sea-water or a Ringer solution 
gives Fundulus against a high temperature is due to a specific effect 
of the combination of the three salts NaCl, KCl and CaCl in the 
right proportion. The idea presented itself that this protective 
action of the salts was the expression of an antagonism between 
the salts and a substance produced at a great velocity at a higher 
temperature, e.g., an acid. Experiments, to be discussed a little 
further on, on the immunization of fish against a high temperature 
eliminate this possibility. 

Experiments were tried on tadpoles and on a species of fresh 
water fish to ascertain whether these animals could resist high 



550 


JACQUES LOEB AND HABDOLPH WASTENEYS 


. A series of experiments was carried out in which fish were kept 
in a thermostat at 30°C. for various lengths of time to test whether 
this accelerated their adaptation to a temperature of 35^. This 
was true only to a slight extent. In all these experiments the fish 
were suddenly transferred to an m/4 Ringer solution at 35°. 

We were curious to know if these ammals could also survive if 
suddenly transferred to a temperature of 35° in distilled water. 
This is indeed the case as table 7 shows. 

Fundulus can become adapted to a temperature of 35° in dis- 
tilled water if they are kept for two days or longer at a tempera- 
ture of 27°. It seemed to make no difference whether the fish 
had been kept at 27° in m/4 sea-water or in distilled water. 

TABLE 7 


PBEVIOL'SLY ExrfWKD TO 27* FOR 


DURATION OF LIFE OF FUNOULUB IF^UDDENLT 
PUT INTO DISTILLED WATER OF ^5* C. 


0 days (Control) 4' 

^ days ' indefinite 

3 days indefinite 


Finally experiments 'were made to see to how high a tempera- 
ture these fish could be adapted in a week. By keeping the fish 
at a temperature of 27° over night and raising them during the 
day to a gradually higher temperature we found that they could 
be’ kept at the end of the week at a temperature of 40°C., for two 
hours without apparent injury. At a temperature of 41° they 
soon suffered in their power to maintain their equilibrium. They 
were immune to a temperature of 40° not only in an m/4 Ringer 
solution, but also in an m/64 solution. The lot which was in dis- 
tilled water died early during the experiment through an accident. 
It is probable that Fundulus once adapted to a certain tempera- 
ture can stand this temperature in any concentration of a Ringer 
solution below m/4. 



ADAPTATION OF FISH TO TEMPERATURE 551 

IV. THE SUMMATION OF THE IM.MUNIZINO EFFECTS OF SHORT 
PERIODS OF EXPOSURE TO HIGH TEMPERATURE 

In the immunization experiments described thus far the fish 
had been exposed continuously for a rather long period of t ime to a 
temperature of 27°. We*wantcd to know if it was possible to 
immunize them for a higher temperature by exposing them only 
a short period of time each day and keeping them in the interval 
at a temperature of from 10° to 14°C. This would mean that 
the immunizing effect produced in the animal during a, short 
exposure to a high temperature would be preserved at least t wenty- 
four hours until the next exposure to a high temperature took 

'rARin ,s‘ 

DATE DVH ATIOV AND I i;MI’KJC ATI II E (ID 1 VDilsI UK 


Mar^h 

7 

1 hour from 17° to 31° 

2 hours at 31° 

8 

1 liour from 17° to 33° 

2 hours at 33° 

9 

1 hour from 18° to 35° 

2 IxMirs at 35° 

11 

3 hours from 11° to 37° 


12 

2 hours from 17° to 37° 


13 

2 hours from 10° to 37° 


U 

2 hours from 17° to 37° 


15 

2 hours from 17° to 37° 

2 hours :it 37° 

16 

2 hours from 17° to 37° 

2 hours at 37 

18 

2 hours from 17° to 3s° 

1; hours at 38 

19 

2 hours from 18° to 3S° 

2 1 lours at 38° 

20 

2 hours from 19° to 39° 

2 liours ut 39° 


place; and would be added to the immunizing eifcct of the next 
exposure to a high temperature. Table 8 gives the i)eriods of 
exposure. 

Most of the lish died on the third day when the tempi^rature 
was raised only to 35°. For this reason we did mjt dare to 
expose the fish for more than a few minutes to a temperature f)f 
37° on the llth, 12tlu 13th and 14th of March. The fish were ex- 
posed to a higher temperature for not more than four hours on 
one day. Wc have seen that an exposure of four hours in itself 
does not suffice to create immunity to a temperature of 35° or 
above. Hence the fact that these fish were finally able to resist a 
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teiriperature of 39° indicates a cumulative effect of the different 
exposures to a higher temperature. In other words, each heating 
increased the immunity and this gain was not’ lost during one or 
two days.’ 

V. THEIMMUXITY TO A HIGH TEMPERATURE IF ONCE ACQUIRED 
IS KEPT FOR MORE THAN FOUR WEEKS 

In order to prove this, fish were put for various lengths of time 
into a thermostat at 27°, tested in regard to their immunity against 
high temperature and then put back into the cold room and tested 
again. A few examples will illustrate this. Five fish were immun- 
ized to a temperature of 39°, by exposing them daily for a number 
of hours to an increasing temperature, until they could liv^ in a 
temperature of 39°C. (in m/4 Ringer solution). The process of 
acclimatization extended over a period of twelve dayst(see pre- 
vious experiment) . After this they were kept for eight days con- 
stantly at a temperature of from 10° to 14° C. On the eleventh day 
they were put suddenly into a temperature of 31° and the tempera- 
ture of the water in which they were, was brought, inside of two 
hours, to a temperature of 39°, and then keptatthisheight. A con- 
trol experiment was carried on simultaneously with fish taken from 
the same cold room, which had not been acclimated. The solu- 
tions used were m/4 Ringer. The control fish that had not been 
acclimated to high temperature were dead in one and a half hour 
when the temperature had reached 36°. The acclimated fish kept 
alive for over an hour at 39° when the experiment was discontinued. 
In eight days, therefore, the immunity of the fish to high tem- 
perature had not diminished. 

Four lots of fish had been immunized to a temperature of 35° 
by. keeping them twenty-four , thirty-two, forty and seventy-two 
hours respectively at a temperature of 27°. After this the fish 
were put into the cold room and kept there at a temperature rang- 
ing from 10° to 15°C., for twenty-eight days. They were then 
put into an m/4 Ringer solution at a temperature of 35°. Simul- 
taneously six fish of the same lot, which had not been immunized 
but kept in the cold room permanently, were put into the same 
temperature and the same solution. Four of the latter fish died 
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within two minutes, the rest were dead forty minutes late». The 
fish that had been immunized before were, with the exception of 
two* individuals, all alive and normal after five hours. Yet, the 
fact that two of the fish succumbed may be an indication that their 
resistance to 35° was less than immediately after immunization. 

It is quite possible, however, that these two fish which had been 
kept in small dishes for such a long time had suffered through 
this captivity. 

This idea is supported by the fact that in a third expcihnent 
fish had kept their immunity to high temperature for thirty-three 
days after immunization against 35°. The immiiiiizatiou con- 
sisted in exposing the fish for three and six days respe(‘tivelY to 
27°. 'After that they were kept in the cold room for thirty-three 
days. When after that time subjected to a temperature of 35° 
they remained perfectly normal for five and a half hours, when the 
experiment was discontinued. 

We made a large number of experiments in which the duration 
of the immunity against high temperatures was tested sooner after 
the process of immunization than in the above mentioned experi- 
ments. In all these experiments it was found that the fish did 
not lose their immunity against teini)eratures of 39° and 35° 
respectively if they were put into the cold room for a period of 
thirty-three day^ or less after immunization. 

VI. EXPERIMEXTS WFI'H FISH KEPT AT A CONSTANT 
TKMPKRATCK]': 01' 0'^.4 C. 

The fish whieh we used for this experiment were ciiughl in 
January and kept since that time in a cold room in which the 
temperature varied between 10° and M°( . Our oxperime)tts 
showed that these fish died in a rather short tiini! when suddenly 
put into a diluted Ringer solution nr diluted s(>a-\va1er of .51 , 
provided that, the concentration of the solution was below m/8. 
In an m/8 or m/4 Ringer solution or sea-water they were able to 
resist the temperature of 81° without any previous immunization. 
W^e put a large number of these fish in an ice chest in uhich the 
temperature remained constantly at 0.°4, and investigated at 
various intervals whether the resistance of these animals to a 
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temperature of 3r differed from that of the fish kept at from 10® 
to 14® (cold room). The fish put in the ice chest had previously 
been at a temperature of 10® for several weeks. 

If we consider the behavior of the fish in an m/8 solution at 31® 
we notice a steady diminution of resistance among those kept at 
0®.4; while among those kept at 10® to 14® the resistance increased 
somewhat. The latter result is not accidental. Wemuetremember 
that the fish were taken in January when the temperatiu’e of the 
water was not far from 0®C. The long exposure to a temperature 
of from 10® to 14® had therefore a slight immunizing effect. 

Our next task was to ascertain whether fish immunized to resist 
a sudden transfer to a temperature of 35® kept this immunity if 
put on ice just as well as if kept at a temperature of 10° for the 
same period. Our experiments thus far cover only an exposure 
of fourteen days on ice (T. = 0®.4). During this time the immu- 
nity was not diminished, as the following example will show. Fish 
were immunized to a sudden transfer to 35®C. by keeping them 
for two days at 27°. They were then put into a thermostat with 
a constant temperature of 0®.4 for fourteen days and put directly 

TABLE 9 




DURATION OF 

1.IFK .AT 31’ IN 


KEPT AT 0.4" C. 






H:0 

m/32 

m/If) 

*/8 

7 days 

26' 


104' 

indef. 

19 days 

13' 

42' 

17' 

some indef. 

33 days 

24' 

30' 

69' 

80' 

41 (lays 

22' 

34' 

22' 

8' 

KEPT AT 10* C, 1 


DURATION OF ' 

LIFE at 31“ IN 








JIjO 

m/32 

m/16 

I m/8 

* 

Over 7 days 

20' 


135' . 

indef. 

Over 19 days 

13' 

26' 

52' , 

indef. 

Over 33 days j 

42' 

86' 

some indef. 

indef. 

Over 41 days 

41' 

some indof. 

some iiidcf. 

indef. 


1 aixQER 
■ I SOLCTION 


RTNOEH 

SOLUTION 
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into a m/4 Ringer solution of a temperature of So"" (A). Sinml* 
taneously fish which had been immunized for :15° by keeping tliem 
throe days at 27° and which had then been kept at l.)e tween 10° 
and 14° for nineteen days were also put into a m 4 Ringer solution 
of 35° (B). In addition two controls were made: Fish ke})t on 
ice at 0°.4 for twenty days but not previously immunized (F), 
and fish not previously immunized kept for se\Tral weeks at a 
temperattire of from 10° to 14? (D) were also suddenly transferred 
to a temperature of 35°. Table 10 gives the result. 


UL'H.vriMX or i iKii ri^ii at 3V<’. ix iii 4 


ll«is 


A. Immunized but kept 
on Ir e for fonrtt'eii dsiva 


H. Im iiiunizcil but 
kopt ut ll)^ for uliic- 


tf'(Ni d;i.\ s 


1(V for 


1 ). Not liiiimMi 1 /.c.i 
111 <‘oM room 


Alive after 3 hours One alive after 
hours 


Die in 2 ’ 


The experiment was repeated with tlie same result, only llmse 
in lot A and B remained all alive. It is Ihereiure obvious that 
the resistance acquired for a higher tcin))ei'a,ture (3.5°) is not lost 
or diminished if the fish are kept for two weeks on ice. 


TIIEORtrriCAL 

The phenomenon of adaptation considered in this jiaper is the 
fact that fish can resist a high temperature hotter if the latter 
is raised gradually than when it is raised suddenly . Physics offers 
us an analogy to this phenomenon in the expcrienec that glass 
vessels which burst easily when their temperature is raised sud- 
denly, remain intact when the temperature is raised gradually. 
This phenomenon finds its explanation in the fact that glass is 
a poor conductor of heat and that when the temperature is raised 
suddenly, e.g., inside a glass cylinder, the inner layer of the cylinder 
expands while the outer layer, on account of the slowness of tlie 
conduction of heat, does not expand equally and the cylinder 
bursts. 
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The following idea for the explanation of the mechanism of 
adaptation suggests itself. The rise in temperature brings about 
certain changes especially in the surface of the cells or the body 
of the animal, whereby the latter loses its protective impermea- 
bility. If the rise in temperature occurs gradually the blood 
(and especially the salts of the blood or of the surrounding solu- 
tion or of both) has time to repair the damage. If the rise, how- 
ever, occurs suddenly then the dafliage done cannot btf repaired 
quickly enough by the blood, or the salts of the surrounding solu- 
tion, to prevent the death of the cell or the animal. The peculiar 
influence of the concentration and nal^ire of the surrounding solu- 
tion described in this paper would harmonize with this suggestion. 

A second possible suggestion is that under the influence of the 
higher temperature a substance is formed in the animal which 
protects it against the effects of high temperature. The formation 
of this substance is also a function of time and for this reason an 
animal can keejp alive if the temperature is increased gradually 
but cannot kee{> alive if it is increased rapidly. 

Both suggestions would explain the fact that if an animal is 
once inununiaed against a high temperature it will keep this im- 
munization, for som^ time at least, even if kept at a low tempera- 
ture or on ice. Further experiments with which we are occupied 
may decide between these and other possible suggestions. 


SUMMARY . 

1. Experiments were made with Fundulus which were caught 
in the winter and kept at a low temperature (from 10® to 14°C.), 
to find out the maximum temperature into which they could, with 
impunity, be transferred suddenly. It was found that the maxi- 
mum temperature varied with' the concentration of the sea-water 
or a Ringer solution; being about 25®C. for a concentration of 
m/128 or m/64; 27°C. for a concentration of m/32; 31®C, for a 
concentration of m/8, and almost 33®C. for a concentration of 
m/4. The latter concentration was the optimum, the resistance 
to high temperature decreasing again with a further rise in con- 
centration. 
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2. It'was found that dextrose solutions were not able to afford 
any protection against the effects of a sudden rise in temperature. 
From these and similar experiments with CaCU solutions it fol- 
lows that the protective action of sea-water or a Ringer solution 
against high temperature is not an osmotic but a specific effect 
of the salts of the sea-water. 

3. It was ascertained how long it takes to immunize the fish 
against the harmful effects of a sudden transfer to a temperature 
of 35°C. It was found that by keeping the fish for thirty hours or 
more at a temperature of 27° they were immunized against a tem- 
perature of 35°. Often amoticeable immunizing effect was pro- 
duced already by an exposure of sixteen hours or even a little less 
to a temperature of 27°. Fish kept for two days at 27° were able 
to survive if suddenly transferred to distilled water of 35°C. 

4. The immunity against a temperature of 35° acquired by keep- 
ing the fish for two days at 27° is not lost or weakened if the fish 
are afterwards kept as long as thirty-three days at a temperature 
of from 10° to 14°. Our experiments have not been extended 
beyond this period of time. 

5. The immunity against a temperature of 35°C. is also main- 

tained if the fish are kept after the two days’ exposure to 27° for 
two weeks at a temperature of 0°.4 C. . ‘ 

6. Fish immunized against a temperature of 39° and then kept 
at a tempera tme of from 10° to 14° for eleven days did not lose 
their immunity. 

, 7. A longer expoftire of fish to a temperature of 0°.4 may finally 
lower their resistance to high temperature. 

8. In order to immunize fish to a temperature of 39° it is not 
necessary to expose them continuously to a higher temperature. 
An intermittent exposure to a higher temperature during a number 
of hours each day will bring about the same effect. 

9. Various suggestions for a possible theory of these phenomena 
are made. 
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